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SECTION I 


Elemental Analyses of Lunar Samples by ’ 
14 MeV and Thermal Neutron Activation 


ABSTRACT 

Instrumental 14 MeV neutron activation analysis was 
used to determine the abundance of major elements in 28 
samples collected by the Apollo 11 Mission and IS samples 
derived from material collected by the Apollo 12 Mission. 

The elements determined include 0, Si, Al, Mg, and Fe. 

Abundances of other minor and trace elements have also 
been determined by use of thermal neutron irradiations and 
gamma-gamma coincidence spectrometry. Implications of the 
data to the understanding of the geochemistry of the moon 
are discussed in various publications of this group included 
with this report. • 


INTRODUCTION 

This report constitutes the final rrepoT't- on Contract 
NAS 9-8017 for the period ending January 31, 1971. It consists 
largely of a collection of reprints and manuscripts generated 
by the group during 1970 and 1971, to date. A majority of 
the previously unpublished material is included in Section II 
which is a manuscript of the paper presented by Dr. W. D. 

Ehmann at the Apollo 12 Lunar Science Conference in Houston, 
Texas, on January 11, 1971. This manuscriot is being expanded 
to include additional data and discussion. It will be sub- 
mitted in its longer form for publication in Supplement II 
of Geochimica et Cosmochimica Acta to be published by 
M.I.T. Press. Other unpublished data on various minor and 
trace elements are still being processed and will be published 
later. 



We wish to point out that the 0 abundances reported 
in our papers are the only direct determinations of 0 
reported on lunar samples that have not been exposed to the 
atmosphere. The only other group reporting direct O deter- 
minations did not process their samples in an inert atmosphere 
and their abundances may reflect atmospheric contamination 
(Wanke, 1971 - Private communication) . We also note with 
some pride that a recent compilation of data on the lunar 
rocks (Mason, 1970 - The Lunar Rocks) in listing prime 
.abundance data has selected our reported data for the elements 
O, Si, and Al. 

The Contract personnel for the period of this report 
were: Principal Investigator - Dr. William D. Ehmann, 

Professor of Chemistry; Co-Investigator - Dr. John W. Morgan, 
Research Associate; and Mr. David E. Gillum, Research Asso- 
ciate (filling this position for the period September 1970 
through January 1971 after the departure of Dr. Morgan) . 

Mr. Stephan Cox assisted with the computer work on a part- 
time basis . 

Financial records for the contract have been kept by 
the University of Kentucky Research Foundation and may be 
obtained by contacting: 

Mr. Robert Stivers 

University of Kentucky Research Foundation 
University of Kentucky 
Lexington, Kentucky 40506 
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Major Element Abundances in Apollo 12 Rocks 
and Fines by 14 MeV Neutron Activation 

William D. Ehmann and John W. Morgan* 

Department of Chemistry 
University of Kentucky 
Lexington, Kentucky 40506 

Abstract. Abundances of 0, Si, Al, Mg, and Fe in seven 
roc3cs and four samples of fines collected by the Apollo 12 
mission have* been determined by instrumental 14 MeV neutron 
activation. These five elements constitute approximately 90% 
of the mass of these materials. The abundances for Type A, 

Type AB, Type B, and Type D, respectively, are: 0-39.3, 39.4, 

40.4, 42.0%; Si-20.7, 21.2, 21.4, 23.0%; Al-4.3,5.1, 4.8, 6.7%; 
Mg-6.9, 4.5, 4.5 to 10.1, 6.6%; Fe-15.5, 14.7, 15.1, 12.6%. These 
results and separately published results [Morgan and Ehmann, 1970b] 
on five chips derived from rock 12013 are discussed and compared 
to the results obtained on the Apollo 11 materials. 

--L 

ix 

Present Address: Enrico Fermi Institute for Nuclear Studies, 

University of Chicago, Chicago, Illinois 60637. 

(Paper to be presented at the Second Lunar Science Conference, 
Houston, Texas, January 11, 1971. This work has been supported 
by N.A.S.A. Contract NAS 9-8017). 
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INTRODUCTION 

Activation analysis employing 14 MeV neutrons has been 
used to determine the abundances of 0, Si, Al, Mg, and Fe 
in rocks and fines collected during the Apollo 12 mission. This 
method of analysis has been shown to yield accurate and precise 
abundance data while retaining the advantage of speed. The 
method is essentially non-destructive, except for very minor levels 
of radioactivity induced in the samples and radiation damage. 

We regard this as the most reliable method available for the direct 
determination of 0 in bulk samples . 

Analyses of Apollo 11 lunar rocks and fines using these 

techniques have been reported by Ehmann and Morgan H9703 . The 

more important observations based on our analyses of the Apollo 11 

materials are: 

* 

(1) The crystalline rocks fall into two distinct chemical 
groups based on their Al abundances. These chemical groups are 
independent of crystal texture. 

(2) The breccias and fines are enriched in 0, Si, and Al, 
as compared to the crystalline rocks and must contain components 
distinct in their composition from the crystalline rocks. 

(3) The breccias and fines exhibit an apparent 0 deficiency 
of approximately 1.6% 0, as compared to the calculated 0 abundance 
required for simple stoichiometry based on total silicate analyses. 
This may be due to reduction and subsequent 0 depletion of- the fines 
and breccias due to the action of solar wind hydrogen. The crystal- 
line rocks exhibit little or no 0 depletion based on stoichiometry. 



- 2 - ' 


(4) Si and 0 are strongly correlated in the Apollo 11 
rocks following the' regression line represented by the equation: 

0% = 1.15 si% +18.2. This regression line has a slope signifi- 
canfcly different than that reported by Eugster [1969] for terrestrial 
igneous rocks. The low O/Si ratio in the lunar rocks is in part 
due to the presence of ilmenite (31.6% 0) and reduced species such 
as Ti(lli) f but the difference in the slopes of the terrestrial 
and lunar regression lines is not simply explained. 

In this paper the results of the analyses on Apollo 12 rocks 
and fines are examined in light of these observations on Apollo 11 
materials . 


ANALYTICAL METHOD 

Apparatus . 14 HeV neutrons were produced by a Kaman Nuclear 

model A-1250 Cockcroft-Walton generator/ and the neutron yield 

monitored by a low geometry enriched BF^ detector. The pneumatic 

single sample transfer system, using dry N 2 as propellant gas, and 

the sequential programming circuit are essentially those described 
** . 

by Vogt et afe. [1965] . Minor modifications were made to interface 
with a data acquisition system based on a Nuclear Data ND 2201 4096 
channel analyzer. Gamma-ray activity measurements were made using 
a 10 cm x 10 cm well type Nal(Tl) detector. 

Preparation of samples . Samples of lunar rocks were received 
under a double dry nitrogen seal as irregular-shaped chips, ranging 
in weight between 0.48 and 2.1g. The design of our usual poly- 
ethylene rabbits [Ehmann and McKown, 1968] was modified to take 
3/8 in.i.d. capsules. Before use, all polyethylene parts for the 
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rabbit assembly were immersed in absolute ethanol and agitated 
ultrasonically for 20 minutes. They were dried in a jet of high 
purity dry K^/ transferred to a vacuum desiccator, and dried under 
vacuum. Samples were transferred to inner capsules in a glove 
box under dry N 2 * After sealing., the capsule was positioned in the 
outer container with polyethylene spacers , so that the apparent 
oenter-of-mass was centered in the neutron beam position. The 
outer container was flushed with dry N 2 before it, too, was sealed. 

Preparation of standards . The encapsulation of the standards 
v/as identical to that described for the samples . Fused optical 
■quartz L-l (pieces of a broken quartz lens donated by Dr. W. Blackburn 
of the University of Kentucky) was used as a standard for si and O. 
Potassium dicnromate NBS#136b was used, -as received, for an additional 
standard for the 0 determinations. In addition to powdered standards, 
chunks of L~1 quartz, similar in shape to the rock chips, were pre- 
pared. Initially, these were used together with powdered standards 
for Si and 0 analyses, until it was established that geometry effects 
introduced no detectable systematic bias. For 0, a two way com- 
parison was possible, with powdered quartz and NBS#136b KoC r 2^7* 

The quarts chunks agreed with both of these to an accuracy of about 
0.4 relative per cent. 

Opal glass (NBS#91) and potassium feldspar (WBS#70a) were dried 
at 110°C and used for Al standards. The abundances of this element 
in these materials bracket those reported in the lunar samples. 

In addition, these standard materials contain Si as a major consti- 
tuent and this element produces a primary interference in the Al 
determination. A correction for this interference was made specif i- 
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cally for each analysis using the raeasured Si content of the 
appropriate samples. The apparent Al abundance of the standards 
was also adjusted accordingly , Any residual error in the esti- 
mation of this correction will be largely self cancelling for 
samples and standards possessing similar Al/Si ratios. 

Standards for Mg and Fe were NBS#88a dolomitic limestone 
(dried at 110°C for two hours) and reagent grade ferrous ammonium 
sulfate, respectively. 

Procedures . Detailed procedures for the determination of 

Si and 0 have previously been given by Morgan and Ehraann [1970a] . 

Procedures for Al, Mg, and Fe have been outlined in Morgan and 

Ehmann [1971] , along with a detailed discussion of the analytical 

principles and potential interferences. These procedures have 

been shown to yield precise and accurate data for these elements, 

based on analyses of selected U.S.G.S. standard rocks. 

* 

Special care was taken- to handle all lunar rocks and fines 
under a high purity dry Ng atmosphere. Therefore, it is felt the 
0 data presented here closely reflect the true abundance of o 
under lunar conditions . 

Results . The results of the analyses of seven Apollo 12 
crystalline rocks and four samples of fines are presented in 
Table 1. The error limits for the individual rocks are standard 
deviations of the means based typically on eight replicate analyses 
for O, seven replicate analyses for Si, and three replicate analyses 
for Al, Mg, and Fe. The error limits for the group means are 
standard deviations of the mean, based on the distribution of 
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the individual values within each group. Previously published 

! 

-results [Morgan and Ehmann, 1970b] on five chips of Apollo 12 
rock 12013 are summarized in Table 2.. All abundances are given 
in units of weight per cent. 

Table 3 compares the Apollo 11 and the Apollo 12 data, 

» 

as obtained in our laboratory. Analyses for Mg and Fe were not 
done on rock 12013 due to the small size of the chips and the 
very limited time available to us to complete the analyses of 
the chips and pass them to other investigators for further analyses. 
The time factor also prevented determination of these two elements 
in the Apollo 11 rocks which were part of a cooperative analysis 
scheme [Goles et al. , 1970] . 

DISCUSSION 

Chemical groupings in Apollo 12 rocks . The Apollo 11 
crystalline rocks were found to fall into two distinct groups 
based on their Al abundances [Ehmann and Morgan, 1970]. As can 
be seen from Table 1, the situation is not as clear for the 
Apollo 12 rocks. However, a similar chemical grouping is 
suggested with rocks 04, 63, 22, and 35 exhibiting Al abundances 
similar to the low Al group from Apollo 11 and rocks 21, 64, and 
51 exhibiting Al abundances similar to the high Al group. Addi- 
tional Al determinations on other Apollo 12 rocks would be useful, 
however, in confirming the existence of distinct groups. 

The Apollo 12 crystalline rocks and fines exhibit a signifi- 
cant (99% confidence level) positive correlation for Al and Si. 

This may be interpreted as an increase in feldspar with differen- 
tiation and a further enrichment in the fines due to the addition 
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of anorthosite. The Al-Si regression line for the Apollo 12 
rocks and fines connects directly with the Al-Si regression line 
for rock 12013, but Al becomes negatively correlated with Si in 
the 12013 chips [Morgan and Ehmann, 1970b] . This negative corre- 
lation could be explained by intrusion of a compacted soil by a 
liquid rich in Si (plus some potassium feldspar) . 

The unusual mineralogy of the troctolite (rock 12035,04) 
is reflected in the high abundances of Mg and Fe found. The Lunar 
Sample Preliminary Examination Team [1970] reports a composition 
consisting of 15% pyroxene, 40% olivine, and 45% plagioclase 
for this rock. 

Fines . The Apollo 12 data presented here suggest that the' 
fines are not derived exclusively from the crystalline rocks 
sampled, but represent rather complex mixtures. Material of 
anorthositic composition would be required in the fines to account 
for the higher Al abundance in the fines (6.7% Al) , as compared 
to a simple 50-50% mixture of Type A and B crystalline rocks 
(4.6% Al) . Using the data presented here an approximately 17% 
admixture of average anorthositic material (16.2% Al) similar to 
that reported by Wood et al. [1970] would be required to account 
for the Al abundance in the fines. Ganapathy et al. [1970] have 
estimated a 1.7% admixture of meteoritic matter in the Apollo 12 
fines and have noted that an additional admixture of 10% of 
material similar to rock 12013 would account for the high Rb, 

Cs , and U abundances in the fines . The calculation of the anor- 
thositic contribution as made above based on Al is rather insensitive 
to the amount of 12013 material present (6.5% Al) and the small 
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amount of meteoritic matter. However, a mixture of 2% meteor itic 
matter, 71% average A and B rock, 17% anorthositic material, and 
10% rock 12013 material does yield a composition for the fines 
almost identical to that found experimentally for the elements 
Al and Fe. Abundances of Mg and Si calculated in the same manner 
are about 1% lower than found experimentally, suggesting the require 
ment of still another component. Additional speculations concerning 
the composition of the fines is not warranted pending detailed 
mineralogical studies . 

Oxygen in the moon and the earth . 0 and Si are found to 
exhibit a significant (99% confidence level) positive correlation 
(Fig. 1) in the Apollo 12 crystalline rocks according to the 
equation : 

0% = 0.96 Si% + 19.6. 

This regression line is nearly identical to that given by Ehmann 

i 

and Morgan [1970] for the Apollo 11 rocks: 

0% = 1.15 Si% + 18.2. 

In both cases the slope of the regression line is significantly 
different than that given by Eugster [1969] for terrestrial igneous 
rocks : 

0% = 0.415 Si% + 35.0. 

The Apollo 12 rocks are generally higher in both O and Si, than 
the corresponding Apollo 11 rocks. This is probably a reflection 
of the generally lower ilmenite content of the Apollo 12 samples. 

The presence of ilmenite in the lunar samples results in a dis- 
placement of the O-Si regression line to the 0 deficient side of 
the line for the terrestrial rocks (ilmenite contains only 31.6% 0) , 
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but does not in itself explain the significant '.difference in the 
slopes of the lunar and terrestrial regression lines. 

In contrast, Morgan and Ehmann [1970b] have shown that 
analyses of five chips of rock 12013 result in a O-Si regression 
line that closely parallels the terrestrial line: 

0% = 0.43 Si% + 33.0, 

but represents rocks poorer by some 2% O. The differences exhi- 
bited among these several regressions must in part be related to 
the amount of 0 available during the course of the crystallization 
of the rocks . 

An apparent 0 deficiency of approximately 1.6% 0 was noted 

in the Apollo 11 fines and breccias , as compared to the amount of 

0 required for simple stoichiometry, based on total silicate 

Apollo 12 

analyses. At this writing the only complete analyses of the/fines- 
available is that reported by the Lunar Sample Preliminary Examina- 
tion Team [1970] . Using their data for the elements not determined 
in this work, a calculated 0 abundance of 44.6% is obtained for 
the Apollo 12 fines, based on simple stoichiometry. The oxygen 
abundance determined experimentally in this work is only 42.0% 0, 
suggesting an O depletion in the fines of some 2.6% 0. A similar 
calculation for the Apollo 12 crystalline rocks yields a depletion 
of only 0.7% O. These calculations must be repeated when additional 
total silicate analyses become available, but our observation of 
an O depletion in the lunar fines based on the Apollo 11 data 
[Ehmann and Morgan, 1970] appears to be confirmed by the Apollo 12 
data reported here. 

Additional discussions of the data presented here in the 
light of information presented at the Second Apollo 12 Lunar 
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Science Conference will be published elsewhere [Ehmann and 
* " T “ 

Morgan, 1971] . 
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I 

Caption for Fig. 1 . Relation of Si and 0 ! in lunar materials. 
The line for terrestrial igneous rocks is based on Eugster [1969] . 
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TABLE 1. Major Elements in Apollo 12 Rocks and Fines. 


Rock 

Type 

%0 

IS i 

%A1 

?>Mg 

%Fe 

Total 

04,32 

A 

39.9l‘0.2 

21.2^0.2 

4 . 38lo .03 

7.3±0. 4 

is.iio.i 

87.9 

63,60 

A 

38.7^0.4 

20. 2^0.2 

4,23*lo .06 

6.5t0.2 

15.9lo.2 

85.5 

MEAN 

A 

39 . 3lo . 6 

20 . 7 I 0 . 5 

4 . 3llo , 08 

6.910.4 

15.510.4 

86.7 

51,46 

AB 

39.4to.2 

21.210.2 

5 . lllo .09 

4.5l0.1 

14.7lo.2 

■ 84.9 

21,01 

B 

40 . oto . 1 

21.7^0.1 

5.54l0.05 

4.6l'0.1 

14.210.7 

86.0 

22,53 

B 

38.9to.l 

19 . clo.i 

4.04t0.01 

6.llo.4 

15.llo.4 

83.7 

35,04 

B 

41.lto.2 

21.7l0.1 

4. 35^0. 01 

10 . llo . 3 

I 6 . 0 I 0.6 - 

93.3 

64,34 

B 

41. 4 I 0.2 

22 . 4l'0 . 2 

5.46lo.05 

4.slo.4 

15 . llo . 4 

88.9 

MEAN 

AE &B 

40.2^0.5 

21.slo.5 

4.9olo.30 

6.oll.l 

15.0l0.3 

'87.4 

32,34 

D 

41.9^0.3 

23.9lo.2 

7.29lo.09 

6. 5^0. 6 

12.4+0.8 

92.0 

44,18 

D 

42.olo.2 

23.210.2 

6.5lto.06 

7.3l0.7 

14.210.3 

93.0 

57,79 

D 

42 . 8to . 3 

23 . olo . 1 

6 . 5Sl 0 . 18 

6.41*0.5 ’• 

12 .'3+1.1 

91.1 

70,70 

D 

41.4to.2 

22 . olo . 2 

6.59lo.03 

' 6 . 3lo . 1 

11.5+0.3 

• 87.8 

MEAN 

’ D 

42 . olo . 3 

23.0^0.4 

6.7 4 I 0 . 18 

6.61*0.2 

12.610.6 • 

91.0 

Error 

limits 

for individual 

rocks are 

the standard 

deviations of 

the 


means 

for replicate analyses 

Error 

limits for the 

group means 

are 



standard deviations of the means , based on the distribution of values 
for the individual rocks within each group. See text for details. 


TABLE 2. 0, Si and A1 in Apollo 12 Rock 12013 

[Morgan and Ehmann, 1970b] 


Chip 

Number 

Samp le 
Weight 
(mg) 

%o 

%si 

£A1 

10,06 

88 

4 4.210.3 

25.lto.l 

7.lio.3 

10,15 

99 

44.9t0.5 

29.610,2 

6.6l0.1 

10,18 

66 

46.9l0.4 

29.910.1 

6.3i0.2 

10,41 

32 

47.3t0.4 

33„ol;o.4 

S.llo.3 

10,44 

42 

44 . 1*0 . 3 

26.5*0.1 

6.310.6 

MEAN (MASS 
WEIGHTED) 


45. 2^0. 6 

28. 4^1 . 3 

6.sto.3 


Error limits are standard deviations of the means of 6-8 
replicate analyses for O and Si and 3 replicate analyses 
for Al. The error limits for the means are standard 
deviations reflecting the dispersion of the individual chip 
abundances . 


TABLE 3. Comparison of Apollo 11 and 12 Analyses 


Material 

%0 

-11- 

-12- 

%Si 

-11- 

-12- 

-11- 

%A1 

-12- 

%Mg 

-12- 

%Fe 

-12- 

Type A 

30.5 

39.3 

18.9 

20.7 

4.0 

4.3 

6.9 

15.5 

Type D 

39.4 

40.2 

18.7 

21.3 

5.0 

4.9 

6.0 

15.0 

Type C 

41.1 

— 

19.7 

— 

6.6 

— 


— 

Type D 

40.8 

42.0 ' 

20.2 

23.0 

• 7.2 

6.7 , 

6.6 

12.6 

Rock 

12C13 


45.2 


28;. 4 
1 


6.5 • 

— 

— ", 


and Fo were not determined in the Apollo 11 materials, or rock 12013, 
due to time restrictions required by cooperative analysis schemes. 
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LUNAR ROCK 1201 3; O, Si, Al and Fe ABUNDANCES 
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Hie abundances of O, Si, Al, and Fe have been determined by 14 McV neutron activation analysis in 5 chips and 
3 powders derived from Apollo 12 lunar rock 12013. These four elements constitute approximately 90% of the mass 
of this rock. Mass weighted mean abundances in weight per cent for the five chips where contamination problems are 
expected to be minimal are: 

0:45.2%, Si' 28.4%, Al: 6.5%, and Fc:10%. 

A significant positive correlation was observed for Si and O abundances in the chips and a linear regression line drawn 
through these data passes close to the mean for the Apollo 11 breccias. A significant negative correlation was observed 
for Al with Si in the chips. 


1. Introduction 

* 

Apollo 12 lunar rock 12013 has a composition 
that clearly distinguishes it from all other locks re- 
turned by the Apollo 1 1 and 12 missions. It is de- 
scribed as being similar to a late-stage basaltic differ- 
entiate, which does not resemble terrestrial dioriles, 
dacites, anorthosites, or tektites in most elemental 
abundances [ 1 ] . O’Keefe [2] , however, has pointed 
out that the major element composition of the glassy 
portion of rock 12013 is more like some tektites from 
Java than like 'any terrestrial igneous rock. 

Rock 12013 is extremely heterogeneous and 
bears some similaiity to a volcanic tuff or breccia [3] . 
Due to the modest weight of this rock (82 g) and its 
heterogeneity special care was taken to obtain the 
maximum amount of data on small samples selected 
to be representative of the various compositional 
regions within the rock. 

A group of five chips and two powders derived 
from slice 10 of rock 12013 (see plate 1). These 
samples along with a small sample of “sawdust” 
derived from the original cutting of rock 12013 were 
allocated to a cooperative analysis scheme involving 


groups at the University of Kentucky, Oregon State 
University, and the University of Chicago. The sam- 
ples were first received by the writers and subjected 
to 14 MeV neutron irradiation for the non-destructive 
determination of the major rock-forming elements O, 
Si, Al and Fe. The samples were then transferred to 
R.A.Schmitt at Oregon State University for non- 
destructive thermal neutron activation analysis, and 
finally to E.Anders at the University of Chicago for 
additional trace element determinations via thermal 
neutron activation analysis and radiochemical separa- 
tion. 

The extensive sequential analytical procedures 
followed on the same rock samples should provide 
coherent data which would have been difficult to 
obtain in any other way. This paper presents only 
the data obtained by the 14 MeV neutron activation 
poition of this cooperative scheme of analysis. The 
thermal neutron activation data of the groups at 
Oregon State University and the University of Chicago 
on the same samples are presented in separate papers 
in this issue. 

More detailed descriptions of the samples may also 
be found elsewhere in this issue. 
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2. Experimental 

Details of the experimental procedures used for 
the determination of 0, Si, A!, and Fe by 14 McV 
neutron activation may be found m previous publi- 
cations of this group [4, 5] . The five chip samples 
were received under a diy nitrogen atmosphere and 
• were sealed in polyethylene irradiation vials in an 
atmosphere of dry nitrogen. Powders 10,(37 + 24) 
and 10,35 were exposed to the atmosphere briefly 
during packaging, but the vials were flushed with 
dry nitrogen prior to and after filling. 

The powder samples were prepared from interior 
samples which had been cleaned with acetone and 
powdered in a stainless steel mortar prior to their 
receipt in our laboratories. Since alteration of the 
abundances of O and Fe might be expected in these 
powder samples, the data on the powders are not 
included in the mean abundances computed. Powder 
12013,17 is sawdust derived from wire sawing of the 
rock. This sample is expected to be highly contami- 
nated with residue from the Cu-Fe-diamond saw wire. 


3. Results and discussion 

The abundances of 0, Si, AI and Fc in samples of 
rock 12013 are given in table 1. The data for 0 and Si 
are based on 7 to 9 replicate analyses and the data for 
AI and Fe are based on 3 replicate analyses. The error 
limits stated arc the standaid deviations of the mean 
of tne replicate analyses. The mean abundances in the 
five chips have also been computed by mass-weighting 
the individual chip data, as an approximation to the 
whole rock abundances. 

Data for U.S C.S. standard rock BCR-I are included 
to provide an index of the accuracy of the method 
The BCR-1 data for AI and Fe were obtained simul- 
taneously with the rock 12013 data presented here. 
The Si and 0 data weie obtained previously on the 
same samples using the same standards [4] . The agree- 
ment with compilation values of Flanagan [6] is quite 
satisfactory. 

Due to the very small sample sizes used in this study 
the Fe determinations reported here should be treated 
with reservations in spite of the excellent agreement 


Table 1 

Elemental abundances in Lunar Rock 12013. 


Sample 

designation 

Sample 
weight (mg) 

O 

Abtindance-wt.% * 
Si AI 

Fe 

Chips 
10, 06 

88 

44.2±0.3 

25.1 ±0.1 

7.1 ±0.3 

ill 1 

10, 15 

99 

44.9 ± 0.5 

29.6 ± 0.2 

6.6 ±0.1 

9 + 1 

10, 18 

66 

46.9 ±0.4 

29.9 ±0.1 

6.3 ± 0.2 

10 + 1 

10,41 

32 

47.3 ± 0.4 

33.0 ± 0.4 

5.1 ±0.3 

11 + 1 

10,44 

42 

44.1 ±0.3 

26.5 ±0.1 

6.3 ±0.6 

9 ±1 

Mean (weighted by 
mass — chips only) 

45.2 1 0.6 

28.4 ± 1 3 

6.5+0 3 

10 ±0.4 

Powders 
10,(37 + 24) 

17 

44.0 ± 0.8 

28.4 ± 0.2 

6.9 ±0.1 

13 ±1 

10, 35 

20 

40.4 ± 0.9 

24.9 ± 0.4 

6.5 ±1.1 

16 ±4 

17 (sawdust) 

37 

33.7 ±0.5 

18 2 + 0.1 

4.9 ± 0.3 

8 ± 1 

Standard Rock BCR-I 
This work ** 

45.8 ±0.2 

25.7 ± 0.3 

7.0 ±0.1 

9.6 ±0.2 

Compilation of 
Flanagan |6] 


45.5 

25.5 

7.2 

9.5 


^ and°Fe™ US "* S ‘ ai,<!ard dw,alionS of lhc mean of 6 to 8 re P licate ^ O and S. and 3 replicate analyses for AI 


Data for A1 and Fe obtained during this series of analyses. Data for Si and O obtained 
and standards. 


previously [4] using the same samples 
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Fig. 1. Variation diagram of 0 versus Si. The rectangles arc experimental results for five chips from slice #10 of lunar rocks 12013, 
and are labelled with the appropriate sample number. The size of the rectangles represents the standard deviation of the mean cal- 
culated from replicate runs. The diamonds are Apollo 1 1 breccias and type 1 and type 2 crystalline rocks [5) . The size represents 
the standard deviation of the mean based on the results for each rock chip analyzed. The small crosses are terrestrial comparison 
samples and the size represents the standard deviation of the mean for replicate splits of these powders. Open circles are tektites 
and the letters indicate the group, A = Australitcs, P = Phflippiniles, I = Indochimtes, J - Javanitcs, B = Bediasitcs and other North Amer- 
ican tek tiles IC 85 ivory Coast tektites and M - Moldavites. Half-filled circles are (wo achondntes. The size of the circles has no signifi- 
cance. The line marked Farth (Fugstcr, 1969) indicates the trend observed in terrestrial igneous rocks [7J. The line marked 12013 
is an unweighted regression calculated with Si as the independent variable. 
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obtained on BCR-1. The activity levels for Fe were low 
with the error due to counting statistics alone equal to 
approximately ±10 relative percent. Since calculation 
of lire Fe abundance involves several correction fac- 
tors, the accuracy of the Fe determinations in these 
small samples is probably no better than ± 15 relative 
percent. The errors due to counting statistics for O 
and Ai are between 3 and 5 relative percent, and for 
Si between 0.5 and 2 relative percent. 

A correlation between Si and 0 has been found in 
terrestrial rocks [7] , in six individual splits of the 
AHcndechondrite [4] , and in 27 Apollo 11 rocks 
[5] . In the case of the five 12013 rock chips, the 
relation of Si to 0 has been found to yield a correla- 
tion coefficient (r) of 0.88. A simple unweighted re- 
gression, taking Si as the independent variable yields, 

0 % = 0.43 Si %+ 33.0, 

and is shown in fig. 1 . The slope of this line is signi- 
ficant at the 95% confidence level ( t = 3.3). 

This line is virtually parallel to the regression con- 
structed by JEugster [7] for terrestrial igneous rocks; 

O %= 0.42 Si %+ 35.0, 

but represents rocks poorer by some 2% O. 

It could be argued that there is a systematic error 
in our analytical method, however, our analyses for 
the U.S.G.S. standard basalt BCR-1 and the N.A.S.A. 
Knippa basalt K89 are also plotted in fig. 1 and fall 
very closely on to Eugster’s terrestrial line. 

An extrapolation of the rock 12013 Si-0 regres- 
sion passes through the field defined by the Apollo 1 1 
breccias. Inclusion of these rocks in the regression 
change the slope insignificantly (t - 1.16). The crys- 
talline Apollo 1 1 rocks do not lie close to the 12013 
regression line. 

It has been suggested [8] that the deviation on a 
Si-0 plot of the Apollo 1 1 regression line from 
Eugster’s terrestrial line is simply due to the presence 
of ilmenite, which is relatively oxygen poor. Accord- 
ingly, the Apollo 1 1 abundances were recalculated 
to an ilmenite free basis using Ti abundances for the 
same samples [9] . The recalculation was found to 
simply move the Apollo 1 1 rocks along lines parallel 
to the terrestrial and 12013 lines. Obviously, the 
mineralogy does not control the Si-0 plot in any 


simple way. The rcveisc is surely the case, that is, that 
the mineralogy is very much controlled by the amount 
of oxygen available during the course of crystallization. 

There are vciy few data for Si and 0 in achondrites. 
Results for Pasamonle and Johnstown [10] are shown 
in fig. 1. These two points lie close to the 12013 re- 
gression, but are below it by about the same amount 
as the mean of the Apollo 11 breccias. 

It has been suggested [2] that rock 12013 may 
bear some chemical resemblances to tektites- Average 
analyses for ail tektite groups were taken from 
Schnetzler and Pinson [11] and the O centents cal- 
culated from the oxides. The resulting mean abun- 
dances are also plotted in fig. 1. 

There is evidence that the Ivory Coast tektites 
are of terrestrial origin [12] , and this is supported 
by this tektite group falling on Eugster’s line. Unfor- 
tunately, the position of the other tektites is less 
satisfactory, as they lie between the terrestrial and 
the rock 12013 lines. The non-destructive analysis 
of a large number of unpowdered tektite chips for O 
and Si by 14 MeV neutron activation could lead to 
a more realistic comparison. 

The AI abundances in the five 12013 chips are 
negatively correlated with Si ( r - —0.85) and O (r = 
—0.76). Regression lines constructed with AI as the 
dependent variable have a significant slope in the case 
of Si (t = 2.8) but not for O (t = 2.0). Negative corre- 
lations with Si0 2 in tektites are well known [11]. 

The Al-Si negative correlations in tektites [11] and 
the 5 portions of 12013 (14 MeV neutron activation) 
are sufficiently similar to warrant a closer, compa- 
rative examination. 

The powders of rock 12013 were not included in 
the preceding discussion because of possible conta- 
mination. The two sources of contamination most 
likely to interfere in this work are O and Fe. In the 
Si-0 correlations these would tend to act m opposite 
directions. If the powdeis are plotted on an Si-0 
variation diagram they would lie on the O-poor side 
of the 12013 chips line, indicating that the Fe con- 
tamination may be the more serious. Although the 
Fe analyses repoited here are near the limit of detec- 
tion, they do indicate somewhat higher Fe abundances 
in the powders than in the rock chips. 

The sawdust is known to be heavily contaminated, 
however, it is clear from the analyses that the major 
contaminant cannot be Fe. If the sawdust is a truly 
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representative sample of 12013 which has been heavily 
contaminated* our analyses indicate a contamination 
level of about 25 to 30% by weight. 

Further implications of the variations of O, AI, Si 
aridFe in the portions of rock 12013 will be dis- 
cussed in a future paper dealing with our completed 
analyses of other Apollo 12 rocks and fines. 
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Oxygen, Silicon, and Aluminum in Lunar Samples by 
14 MeV Neutron Activation 

Abstract. Abundances of oxygen, silicon , and aluminum in 27 lunar rocks and c ali- 
quants of lunar sod have been determined by 14 MeV neutron activation . Mean abun- 
dances and standard deviations of individual abundances (in weight percent) within 
each type are: type A (2 i ocks), 38.5 = b 1*2 oxygen , 18.9 ± 0.8 silicon , and 4.0 zb 
0.4 aluminum; type B (7 jocks), 39.4 ±1.0 oxygen , 18.7 dz 0.8 silicon, and 5.0 ± 
0.6 aluminum; type C (IS rocks), 41.1 ±1.0 oxygen, 19.7 zb 0.7 silicon, and 6.6 ± 
0.5 aluminum; soil (3 aliquant s), 40.8 zn 1.2 oxygen, 20.2 ± 0.2 silicon, and 7.2 ± 
0.1 aluminum. Oxygen abundances are lower than those in most common terres- 
trial rocks and are comparable to those found in certain types of stony meteorites . 
From these results the lunar soil is most similar to the type C lunai tocks. 


The elements oxygen, silicon, and 
aluminum make up over 60 percent by 
weight of common terrestrial igneous 
rocks. The abundances of these major 
elements may be determined precisely 
and accurately by means of 14 MeV 
neutron-activation analysis. In addition, 
the technique is rapid and essentially 
nondestructive. 

All lunar samples and comparator 
standards were packaged in heat-scaled 
polyethylene vials under a dry nitrogen 
atmosphere (I ) . Samples and standards 
were irradiated at fluxes of 10 s to 10° 
neutrons env 2 seer 1 provided by a 
Kaman Nuclear A-1250 14 MeV neutron 
generator. A single sample transfer sys- 
tem employing nitrogen for the propel- 
lent gas was used (2). Samples and 
comparator standards were irradiated 
separately, and radioactivities were 
counted sequentially. Corrections for 
variations in the neutron flux were made 
by use of a BF :i neutron monitoi . Com- 
parator standards for oxygen and silicon 
were powders and chunks derived from 
a piece of pure optical lens quartz. In- 


dependent standards of piimary stand- 
ard grade RoCr^C^ were also used for 
oxygen. Standards for aluminum were 
NBS 91 standard opal glass and NBS 
70a standard feldspar. Samples of US GS 
standard rock BCR-1 and several basalts 
furnished by NASA were analyzed si- 
multaneously with the lunar samples (5). 

The nuclear reactions involved are: 
2S Si(n,p) 2S AI, lc O(n J p) 10 N, and 27 Al 
(n,p) 27 Mg. Corrections for primary in- 
terference reactions and gamma-ray 
spectral interferences have been con- 
sidered and applied where required. The 
most important corrections were applied 
in the determination of aluminum where 
the 30 Si(n a *) 27 Mg reaction is a primary 
interference reaction and the 5C Fe(n,p) 
5t, Mn reaction provides a spectral inter- 
ference. No corrections were applied 
for the primary interference reactions 
31 P(n,a) JS Al in the determination 
of silicon and jy F(n,a) lc N in the 
determination of oxygen. The target 
nuclides arc likely to have relatively low 
abundances in lunar rocks based on pre- 
liminary analyses, but data presented 



here may be adjusted later, if required, 
by noting that 0.1' percent fluorine is 
equivalent to 0.0415 percent oxygen and 
1 percent P-0 5 is equivalent to 0.21 per- 
cent silicon. The techniques used, which 
.include- a unique multiscaler data-acqui- 
sition procedure for oxygen, have been 
reported ( 4 ). Application of these new 
techniques to analysis of the Pueblito de 
Allend& chon d rite (5) has shown that 
the standard deviations for six replicate 
analyses on a given aliquant ranged 
from ±: 0.5 to 1*2 percent oxygen and 
from rt 0.1 1 to db 0.24 percent silicon. 
, All calculations assume terrestrial iso- 
topic abundances for these elements. 
The same 27 lunar rocks have been 
analyzed for numerous additional ele- 

R ents b} 7 others (6). 

The most striking feature of these data 
t fable I) is the depletion of oxygen in 
. the lunar materials with respect to com- 
mon terrestrial igneous rocks. Eugster 
(7) tabulated oxygen abundances in com- 
mon terrestrial igneous rocks and noted 
that most analyses fell within the rela- 
tively narrow range of 40 to 50 weight 
percent oxygen. Only ultramafic igneous 





rocks approach the mean oxygen abun- 
dances reported here. Eugster has found 
a good correlation for average composi- 
tions of common terrestrial igneous 
rocks as represented by the equation: 
%0 = 0.194 X %S10 2 + 35.0 (equa- 
tion 1). A least squares regression lilted 
to the pooled lunar rock data of this 
paper yields the equation: %0 “ 0.53S 
x % Si 0 2 + 18.2 (equation 2). A null 
hypothesis test of the significance of the 
slope yielded / = 5.0 (Student’s t test), 
which is very significant at the 95 per- 
cent confidence level. The correlation 
coefficient for elemental silicon and oxy- 
gen is 0.71 (Fig. 1). The silicon and oxy- 
gen data, plotted in the manner of 


Table 1. Oxygen, silicon, and aluminum > abundances in lunar rocks by 14 Mev neutron activa- 
tion. Error limits for individual samples are standard deviations of the means calculated gen- 
erally on lhe basis of six replicate analyses for Si and O and two replicate analyses for AI. 
Error limits expressed for the type means are standard deviations based on values for the indi- 
vidual samples within the set. 


Sample 

Oxygen 

(%) 


Silicon 

(%) 

Aluminum 

♦<%) 

10022,32 

39.3 * 0.4 

Type A 

19.4*0.1 

4.2* 0.1 

10069,23 

37.6 ± 0.1 


18.3*0.1 

3.7 *0.2 

Mean 

38.5 * 1.2 


18.9*0.8 

4.0 *0.4 

10003,36 

38.1 * 0.4 

Type B 

17.9 * 0 1 

5.1 * 0.1 

10024,250 

38 9 — 0.1 


18.5*0.1 

4.1 * 0.2 

10047,14 

40.1*01 


20.1 * 0.1 

5.5*03 

10050,29 

40.5 ± 0.5 


18 4*0.1 

5.3 *0.2 

10058,22 

39.9 * 0.3 


19.0*0.2 

5.5 *0.2 

10062,28 

38.0 ± 0.2 


18.0*0.2 

5.3 *0.1 

1007 J, 21 

40.3 * 0.2 


19.1*0.1 

4.2 *0.1 

^ Mean 

39.4*1.0 


18.7 * 0.8 

5.0 *0.6 

" 10018,22 

40.1.± 0 4 

Type C 

20.1 *0.1 

6.6* 0.1 

10019,11 

39.9 * 0 2 


18.9*0.1 

6.5*0 2 

10021,22 

41.8*0.6 


19.6*0.1 

6.7 *0.1 

10048,32 

39.8*0.2 


18.1 *0.1 

6.1 *0.1 

10056,23 

41.3*0.3 


20 2*0.1 

5.7 *0.1 

10059,30 

40.0*0.1 


19.1 * 0.1 

6.4 * 0.1 

10060,17 

40.3*0.2 


20.0 * 0.1 

6.2* 0.1 

10061,32 

41.7*0.2 


18.9*0.1 

6.7 * 0.T 

10063,05 

41.9*0.3 


20.3*0.2 

6.6 ±0.2 

10064,10 

40.5*0.4 


19.4*0.1 

5.9 *0.1 

10065,14 

41.6*0.7 


19.3*0.2 

6.6* 0.1 

10066,05 

41.0*0.2 


20.2 * 0.1 

6.9 *0.1 

10067,05 

41.6*0.1 


20.6 * 0.1 

7.0* 0.1 

10068,20 

40.3 * 0.3 


19.3 * 0.1 

6.3 * 0.2 

10070,05 

43.4*0 3 


20.6 * 0.2 

7.1 ±0.1 

10074,05 

42.1 * 0.5 


19.3*0.1 

7.0 

10073,21 

41.4*0.3 


20 5*0.1 

7.3 * 0.1< 

30075,06 

40.4 * 0.2 


19.8*0.3 

7.4 *0.1 

* Mean 

41.1*1.0 


‘ 19.7*0.7 

6.6 *0.5 

10084,50 

42.2*0.5 

Soil 

20.4*0.1 

7.2 *0.2 

10084,50 

40.5 * 0.9 


20.3*0.1 

* 7.3 *0.1 

10084,50 

39.8 * 0.5 


20.0*0.2 

7.1 = 0.1 

* Mean 

40.8*1.2 


20.2*0.2 

7.2* 0.1 


Fig. 1. Relation of silicon as S 1 O 2 to 
oxygen ’ in lunar rocks and soil. The line 
for terrestrial igneous rocks is taken from 
the tabulation of Eugster (7). Large cir- 
cles represent mean abundances in various 
types of stony meteorites (11). Meteorite 
identification: CC I, II, and III are car- 
bonaceous chondrites types I, II, and III, 
respectively; H represents high- iron or- 
dinary chondrites and L represents low- 
iron oidmary chondrites. Ca-nch and Ca- 
poor refer to achond riles that are rich 
and poor in calcurn, respectively, (13) 
type A rock; (0)> type B rock; (O)* type 
C rock; (a), soil; and the laige circles 
represent meteorites. 

Eugster, are shown in Fig. 1. Clearly, 
any line drawn through points repre- 
senting the abundances in the three 
types of lunar rocks is distinct from the 
line based on terrestrial igneous rocks. 
A line based on equation 2 does pass 
close to the points defining the mean 
abundances in the CK- and CL-group 
ordinary chondrites. 

The relative abundance of oxygen 
atoms to that of silicon atoms (atoms 
O/atoms Si) for the lunar rocks ana- 
lyzed is 3.65 and for the lunar soil is 
3.55, These values are similar to those 
found in the ordinary chondrites (CH = 
3.9 and CL = 3,7) and to the value of 
3.65 estimated for the earth as a whole 
(<$). Gault et al. (9) had estimated this 
abundance ratio to be 3.1, based on 
remote analyses of the lunar surface. 
The corresponding value for the solar 
atmosphere is 29 (10). 

In contrast to the situation for silicon 
and oxygen, both the absolute and 
atomic abundances of aluminum ex- 
hibit appreciable variation among rock 
types. The relative abundances of alu- 
minum atoms to those of silicon atoms 
(atoms Al/ atoms Si) are 0.22, 0.28, and 
0.35 for types A, B, and C, respectively. 
This ratio for lunar soil is 0.36. Alumi- 
num in lunar rocks is greatly enriched 
compared to the ordinary chondrites 
(atoms Al/atoms Si = 0.06), or any 
other chondrite group. On the basis of 
these data, the Apollo 11 lunar soil is 
most similar to type C lunar rocks. 
Rocks of types A and B would not ap- 
pear to be the sole contributors to the 
formation of this lunar soil. 

The precise silicon abundance data 
presented- here should be of value in 
the computation of atomic abundances 
according to the accepted practice of 
reporting these relative to Si = 10° 
atoms. Abundances of iron may also be 
derived from our experimental data (3). 

William D. Ehmann 
John W. Morgan 
University of Kentucky , Lexington 
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Abstract — Fast neution activation analysis of Apollo 11 lunar material yielded: Type A (2 rocks) 
3S*5% O, 18-9% Si, 4 0% Al; Type B (7 rocks) 39*4% O, 18*7% Si, 5 0% AI; Type C (18 rocks) 
41*1% O, 19*7% Si, 6*6% Al; Type D (3 aiiquants)40 8% O, 20*2% Si, 1-2% Al and 12 4% Fe. The 
crystalline rocks (Types A and B) can be put into two distinct chemical groups on the basis of Al 
contents. The fines and breccias are significantly higher in O, Si, and AI than the crystalline rocks. 
An apparent deficiency in the fines of about 1% O may be due to reduction by solar wind H. 

Introduction 

The 14 MeV neutron activation analyses for O, Si and Al reported here represent the 
first stage of a cooperative multielement activation analysis scheme for a large number 
of major, minor and trace elements (Goles et al 1970). The 14 MeV neutron activa- 
tion method is rapid, and, except for very minor residual radioactivity and radiation 
damage, is essentially non-destructive. It is probably the only reliable method avail- 
able for the direct analysis of O in bulk samples, and indications of O depletion in the 
lunar surface (Gault et al ., 1967), make such measurements of considerable import- 
ance. Both Si and Al are routinely reported in wet chemical whole rock analyses; 
however, there is general agreement (Mason, 1962) that the procedures, at least for 
AI, leave much to be desired. The rapidity of the activation method enabled the data 
collection portion of the analyses for these three elements to be carried out on 27 
lunar rocks in a period of about three weeks, so that the samples could be transferred to 
the next laboratory with a minimum of delay. 

Analytical Method 

Appaiatus 

14 MeV neutrons were produced by a Kaman Nuclear model A-1250 Cockcroft-Walton gcncratoi, 
and the neutron yield monitored by a low geometry enriched BF 3 detector. The pneumatic single 
sample transfer system, using dry FL as propellant gas, and the sequential programming circuit are 
essentially those described by Vogt et aL (1965). Minor modifications were made to interface with a 
data acquisition system based on a Nuclear Data ND 2201 4096 channel analyzer. Gamma-ray 
activity measurements were made using a 10 cm x 10 cm well type Nal (Tl) detector. 

Preparation of sample* * 

Samples of 27 lunar rocks were received under a double dry nitrogen seal as Irregular-shaped 
chips, ranging in weight between 0 45 and 2*4 g. The design of our usual polyethylene rabbits 
(Ehmann and McKown 1968) was modified to take £ in. i.d. capsules. The lunar rocks fitted this 
larger capsule except for two (10048-32; 10061-32) which were sealed in polyethylene bags within the 
outer rabbit container. Before use, all polyethylene parts for the rabbit assembly were immersed in 
absolute ethanol and agitated uitrasonicaily for 20 minutes. They were dried in a jet of high purity 
dry N 2 , transferred to a vacuum desiccator, and dried under vacuum. Samples were transfencd to 
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inner capsules in a glove box under dry KV After sealing the capsule was positioned in the outer 
container with polyethylene spacers, so that the apparent ccntcr-of-mass was centered in the neutron 
beam position. The outer container was flushed with dr)' N 2 before it, too, was sealed. 

One 5 g sample of lunar fines was received and three aliquants of about J g each were prepared 
under dry N a by quartering. Duplicate aliquants of BCR-1, Knippa basalt K89 and vesicular basalts 
VB-1 and VB-2 were also taken and made up in £ in. i.d. capsules so that the analytical conditions 
were closely comparable with those of the rocks. 


Preparation of standards 

The encapsulation of the standards was identical to that described for the samples. Fused optical 
quartz L-J (pieces of a broken quartz lens donated by Dr. \V. Blackburn of the University of Kentucky) 
was used as a standard for Si and O. Potassium dichromatc NBS-11: 136b was used, as received, for 
an additional standard for the O delcimmations. In addition lo powdered standards, chunks of 
L-l quartz, similar in shape lo the lock chips, were prepared. Initially, these were used together with 
powdered standards for Si and O analyses, until it was established that geometry effects introduced 
no detectable systematic bias. For O, a two way comparison was possible, with powdered quartz 
and NBS4k 1 36b K»Cr 2 0 7 . The quartz chunks agreed with both of these to an accuracy of about 
0 4 relative per cent. - 

Opal glass (NBS# 91) and potassium feldspar (NBS# 70a) were dried at lI0°Cand used for At 
standards. The abundances of this element in ihcse malerials just bracket those reported in the 
preliminary analyses of lunar samples (LSPET, 1969). In addition, these standard materials contain Si 
as a major constituent and this clement produces a primary inteifcrence in the Al determination. 
A correction for this interference was made specifically for each analysis using the measured Si 
content of the appropriate samples. The apparent AI abundance of the standards was also adjusted 
accordingly. Any residual error in the estimation of this correction will be largely self cancelling for 
samples and standards possessing similar A 1/Si ratios. 


Procedure 

Detailed, procedures for the precise determination of Si and O are given by 
Morgan and Ehmann (1970). The chemical composition of the Apollo 1 1 rocks and 
fines is such that interferences are insignificant for O and Si determinations. Slight 
changes were made to increase the speed of analysis. The dwell time used for multi- 
scaling in the O analyses was increased from 0*4 sec to 0*8 sec to reduce the number of 
channels used. In the Si determinations, counting time was shortened from 300 sec 
to 150 sec, after calculation showed that the precision would not be significantly 
affected. 

Aluminum analyses were made using the 0*84 MeY gamma-ray of 27 Mg. Appro- 
priate correction was made for the primary interference from the reaction 30 Si(n, a) 
27 Mg. Samples and standards were irradiated for 1 min, and, following a delay of 
300 sec to allow decay of 28 Al, were counted for 300 sec. The significant interference 
from the 0*85 MeY gamma-ray of 56 Mn was empirically determined by recounting 
after a delay of about 100 min. In principle, Fe analyses can be based on the 50 Mn 
activity, but these were made only for the lunar fines, using the Knippa basalt K89 
as a standard. Taking the Fe abundance of this rock as 9*4 per cent, the means of 
triplicate analyses on each of three aliquants of fines were 12*6 percent, 12*3 per cent 
and 12*3 per cent. The mean of these values, 12*4 ± 0*2% Fc, is in good agreement 
with the results obtained by other workers. 
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Results 

The results for O, Si and Ai in 27 lunar iocks and 3 aiiquants of fines are given in 
Table 1. The O results are the mean of fiom 5 to 12 replicate runs and for Si 5-8 


Table 1. Oxygen, silicon and aluminum abundances in individual Apollo 11 
lunar rocks and lunar fines by 14 McY neutron activation 



Oxygen 

Silicon 

Aluminum 

NA.S.A No 

(wt. %)* 

(Wt. %)* 

(Wt. %)* 


Type A 


10022-32 

39-3 ±04 

19-4 ± 0 1 

4-2 ± 0-1 

10069-23 

37 6 i 01 

18*3 ± 0 l 

3*7 ± 0-2 

Mean 

38-5 ± 1-2 

189 ± 08 

40 4-04 

Type B 

10003-36 

38 1 ±04 

179 ± 0 1 

5 I ± 0 1 

10024-20 

38 9 ± 0 1 

18-5 ± 01 

4*1 ±02 

10047-14 

40 1 ± 0 1 

20 1 ± 0*1 

5*5 4- 0 3 

10050-29 

40*5 ± 0*5 

18*4 ±0*1 

5*3 ± 0 2 

10058-21 

39 9 x 0*3 

19 0 ± 02 

5*5 ± 0 2 

10062-28 

38*0 ±02 

180 ± 02 

5*3 ±0*1 

^ 10071-21 

40*3 ± 0 2 

19 l ± 0 1 

4*2 ± 0 1 

Mean 

39 4 ± 1 0 

187 ± 08 

5 0 ± 0 6 

Type C 

1001S-2I 

40*1 ±04 

20 1 ± 0 1 

6*6 ± 0-1 

10019-11 

39 9 ± 0 2 

18*9 ± 0*1 

6*5 ± 0 2 

10021-22 

41*8 ±06 

19 6 ±0*1 

6*7 ± 0*1 

10048-32 

39 8 + 0 2 

18*1 ± 0*1 

6 1 ± 0 1 

J 0056-23 

41 3 ± 0*3 

20 2 ± 0*1 

57 ±0 1 

10059-30 

40 0 ± 0 1 

191 ± 0*1 

6*4 ± 0 1 

10060-17 

40*3 ± 0*2 

20 0 ± 0*1 

6*2 ± 0*1 

10061-32 

41-7 ±02 

18*9 ± 0*1 

6-7 ± 0 1 

10063-05 

41*9 ±03 

20*3 ±02 

6-6 ± 0 2 

10064-10 

40 5 ± 0*4 

19 4 i 0-1 

59 ±0 1 

10065-14 

41*6 ±07 

19*3 ±02 

66 ±0*1 

10066-05 

41 0 ± 0*2 

20 2 ± 0*1 

6-9 ± 0 1 

10067-05 

41*6 ± 0 1 

20 6 ± 0-1 

70 ± 0*1 

10068-20 

40 3 ± 0*3 

19-3 for 

6*3 ± 0 2 

10070-05 

43*4 ±03 

20 6 ± 0 2 

7-1 ±0! 

10073-21 

41*4 ±03 

20 5 ± 0 1 

7-3 ±0-1 

10074-05 

42 1 ± 0 5 

19*3 ± 0 l 

70 

10075-06 

40 4 ± 0 2 

19-8 ±03 

74 ± 0 1 

Mean 

41 I ± 1*0 

197 ± 07 

6*6 ± 0 5 

Fines 

10084-50 

42*2 ±05 

20*4 ±0*1 

7*2 ± 0 2 

10084-50 

40*5 ±09 

20-3 ± 0-1 

7*3 ± 0 1 

1 00S4-50 

39*8 ±05 

20 0 4- 0*2 

7*1 ±0*1 

Mean 

40 8 ± 1-2 

20*2 ±02 

7-2 ± 0-1 


* Error limits for individual samples are standard deviations of the means 
calculated generally on the basis of 6 replicate analyses for Si and O and 2 
replicate analyses for AI Those for the means are standard deviations of 
individual rock abundances within each type. 


replicate determinations were made. In the case of AI each value in Table 1 is the mean 
of duplicate determinations, except for rock 10074-05 which is just a single determina- 
tion, and for the three aiiquants of fines and rocks 10022-32 and 10073-21 where 
triplicate analyses were performed. 
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Tabic 2, Comparison of O, Si and A1 analyses of Apollo 11 rocks and lines 


N.A S A. No. 

Oxygen 

(wl. 

Silicon 
(WL %) 

Aluminum 
(WL %) 

Reference 

Type A 





10022 


18*7 

4*6 

a 


39 3 

19*4 

4*2 

This work 

Type B 





J0003 


17*7 

5*8 

a 



18*6 

5*5 

b 


38- 1 

179 

5*1 

This work 

10024 


18*2 

50 

a 



18*8 

4*3 

b 


38-9 

18*5 

4*1 

This work 

10047 


19*3 

5*2 

a 


401 

20*1 

55 

This work 

10050 


19*1 

4*7 

a 


40-5 

18*4 

5*3 

This work 

10058 


19*5 

62 

a 



18*4 

54 

c 


39 9 

19 0 

5*5 

Thts work 

10062 


18*1 

64 

a 



IS 6 

54 

b 


38 0 

180 

5*3 

This work 

Type C 





10018 


19*5 

6-5 

b 


40-7 

J9'G 

6*1 

d 

- 

40*1 

20 1 

6*6 

This work 

10019 


19*2 

7*3 

a 

* 

399 

18*9 

6*5 

This work 

10048 


19*7 

6*8 

a 


39 8 

18*1 

6*1 

This work 

10056 


19*4 

5*7 

a 



19*8 

5*7 

c 


41-3 

20 2 

5*7 

This work 

10060 


194 

6*2 

a 



18 7 

60 

c 


41*4 

198 

62 

d 




5*2 

c 



19*6 

6*3 

i 


40 3 

20 0 

6*2 

This work 

10061 


19*6 

6*7 

b 


41? 

18*9 . 

6*7 

This work 

Fines 





10084 


19*5 

7*1 

b 



20*2 

7-3 

c 


41-5* 

19 7 

6*9 

d 



20 1 

7*0 

c 



19*8 

7*3 

f 

. 


19*7 

7*4 

fi 


41*9 

19*7 

7*3 

h> 



194 

76 

i 



19*7 

*72 

j 


40 8 

20 2 

7*2 

This work 

Standard Rocks 





BCR-I 

45 '5 

25-5 

7*2 

k 


45*8 

25 7 

7*0 

This work 

K89 

41 -ST 

18*1 

5*3 

1 


42*6+ 





42*3 

17*8 

5*1 

This work 

VB-I 

42*7 

21*9 

79 

This work 

VB-2 

43 3 

220 

8*0 

This work 
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A large number of analyses by several different methods is now available for the 
lunar rocks and soil, and some of these were made on rocks analyzed by us. Com- 
parisons of analyses for rocks and fines are made in Table 2 and indicate no significant 
systematic bias. The accuracy of the O, Si and A1 analyses of lunar rocks and soil 
was also checked by simultaneously analyzing BCR- 1, NASA Knippa basalt IC89, 
and NASA vesicular basalts VB-1 and YB-2. These results are given in the same 
table. 

Our O results for the lunar rocks and fines appear to be lower than those obtained 
by Wanke et al. (1970) by about 0*5-1 *0% O. Although this discrepancy is of the 
same order as our analytical uncertainty it is surprising that in all three cases v/here 
comparisons are possible our results are lower. In the past our O results on standard 
rocks have been marginally high by ~0* 3% O (e.g. Morgan and Ehmann, 1970) 
probably due to variable — H 2 0 (Langmyhr, 1970). As a result, very special care 
was taken to handle the lunar locks and fines under high purity dry N 2 at all limes to 
exclude the possibility of water contamination. It is suggested that our O analyses 
closely reflect the true abundance of O in the samples under lunar conditions. 

Discussion 

(1) Chemical grouping of crystal line rocks 

The crystalline rocks were classified by LSPET (1969) on the basis of crystal 
texture. Compston et al . (1970) have defined two chemical groupings which do not 
correspond to the LSPET types. Group 1 is characterized by very high Rb, K, Ba 
and Th relative to Group 2. Of particular relevance to this discussion is the apparent 
depiction of Al in the Group 1 rocks. Of the specimens analyzed here, Compston et aL 
classified 10022 and 10024 in Group 1 and 10003, 10047 and 10058 in Group 2. Of 
the remaining crystalline rocks listed in Table 2, 10069 and 10070 are clearly in Group 
1 from the high Ba abundances (Annel and Helz, 1970), and 10050 and 10062 can 
be ascribed to Group 2 on the basis of the low abundances of K (Turekian and 
Kharkar, 1970; Rose et al 1970). For the crystalline rocks analyzed in this work 


Refs, to Table 2: 

(a) Rose et al (1970) Si by SP; Al by CG and XRF. 

(b) Compston et at, (1970). Si and Al by XRF. 

(c) Morrison et al. (1970) Si by AA; Al by NA. 

(d) Wanke ct at . (1970). O, Si and Al by NA 

(c) Smalcs et al. (1970) Si by XRF; Al by XRF and NA. 

. (f) Maxwell et al. (1970). Si and A I by CG and A A. 

(g) Peck and Smith (1970). Si and Al by CG. 

<h) Wjik and Ojanpera (1970) Si by CG and SP; Al by CG and A A. 

O calculated by difference. 

(i) Engel and Engel (1970). Si and Al by CG. 

(j) Agrell ct al. (1970). Si and Al by CG. 

(k) Flanagan (1969). 

(l) Unpublished data provided by NASA. 

* Sum of leach fractions yields 40 7%. 
t O calculated from oxides scaled to 100° o . 

+ O calculated by difference. 

AA - atomic absorption; CG “ classical gravimetry; NA — neutron activation; 
SP ~ spectrophotometry; XRF = X-ray fluorescence. 
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the A1 abundances in each group form a very narrow distribution. The four Group 1 
rocks (10022-32; 10024-20; 10069-23; 10071-21) have a mean of 4T ± 0*2 and the 
five Group 2 rocks (10003-36; 10047-14; 10050-29; 10058-21; 10062-28) have a 
mean of 5 3 ± 0-2. The means of the two groups arc very significantly different 
(/ = 9 6; p < 0 01) at the 95 per cent confidence level. Clearly the determination of 
A1 by 14 MeV neutron activation as done in this work provides a ready method to 
characterize the crystalline rocks brought back by Apollo 11. The mean values of 
39-0 ± IT and 39-3 ± 1 2% O and 18-8 ± 0-5 and 18 7 ± 0-9% Si for Groups 1 
and 2 respectively do not differ significantly (/ = 0-4 and 0-3, respectively). 

(2) Breccias and fines 

The mean values for O, Si and A1 in the breccias are significantly higher (95 per 
cent confidence level) than for either group of crystalline rocks. Again, Al is very 
useful diagnostically, as the mean abundances in breccias and crystalline rocks differ 
very significantly, and there is a distinct hiatus between the two groups of values. The 
abundances of the three elements in the lunar fines closely resemble those found in 
certain breccias, for example 10073-21. However, because of the very small variance 
of the Al content of triplicate ahquants of fines, the difference between the mean Al 
values is significant at the 95 per cent confidence level ( t ~ 2-15). It appears, that the 
breccias are not simply impacted soil, a conclusion reached independently from 
mincralogical evidence (DuKEe/ a/., 1970). 

(3) Apparent oxygen deficiency 

Several groups have reported high summations in total silicate analyses, partic- 
ularly for the lunar fines (Maxwell et aL , 1970; Rose et al. , 1970; Peck and Smith, 
1970; Wiik and Ojanpera, 1970). These apparent errors were ascribed to iron and/or 
titanium being more reduced than was assumed for the oxide calculations. Rose 
et al. measured “total reducing capacity’' chemically and expressed it as FeO. Iron 
values measured independently by X-ray fluorescence were then subtracted to give the 
“excess reducing capacity”. This was found in all the samples analyzed, but was 
greatest in breccias, and particularly in fines. Maxwell et al by a more direct 
method, found no anomaly in rock 10017 and only a small one in rock 10020. The 
fines, however, showed a large difference, equivalent to 1% FeO. An excess of re- 
ducing capacity of this size is too large to be clue solely to metallic iron and Maxwell 
et al. suspect the presence of Ti(IlJ). Rose et al. also checked total Fe in the fines 
chemically and arrived at 4*1 % FeO excess reducing capacity. These discrepancies 
are difficult to resolve; however, Maxwell et al. ground their samples to 100 mesh 
before analysis. Unless this was carried out under dry N 2 there is a very ical possibility 
of oxidation (Chao, 1963). Rose et at. give no details of sample preparation. It 
should be noted, however, that Rose et al. analyzed a fines sample (3 1 1079) different 
fiom that studied by Maxwell et a /. (10084-132). 

Our data indicate that the O depletion of the original sample of fines 10084-50 
may be even larger than this. It should be ’noted that our sample was quartered and 
packaged in a dry N 2 filled glove box. The mean O values for triplicate aliquants 
analyzed in our work show a rather large scatter. This is much larger than that found 
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using the same method on well-mixed powders (Morgan and Bhmann, 1970), and 
probably reflects a real inhomogeneity. Grinding of the sample under dry N.> and then 
splitting by quartering would probably have given more consistent results, however, 
this procedure was not permitted within the terms of otir contract. The direct O 
mean for the soil is 40-8 per cent with a standard deviation for the mean (cr/i /«) of 
□rO ? /o 0. The mean of three apparent abundances derived from chemical elemental 
analyses calculated as oxides (Maxwell et a /., 1970; Peck and Smith, 1970; Whk 
and Ojanpera, 1970) is 42-4 ± OT per cent. The mean O depletion can be obtained 
from the diflerence between the direct and indirect determinations and is 
1-6 ± 0 7% O. The high summations of the three total silicate analyses cited above 
indicate an O depletion of 0-6 ± 0 0 3 %. The diflerence between these two estimates of 

0 depletion is not significant at the 95 per cent confidence level ( p ~ 0-3). 

It is interesting to speculate upon the cause of the apparently smaller O depletion 
observed in the crystalline rocks when compared to the breccias and particularly the 
fines. The work of Maxwell et a/. (1970) indicates that the O depletion-in the crystal- 
line rocks is minimal or possibly even non-existent. The high abundance of solar 
wind rare gases in (he fines and breccias (LSPET, 1969) suggest the possibility that 
some reduction could take place by solar wind H. Assuming a solar wind origin for 
the Xe in fines and breccias (LSPET, 1969), it is possible to calculate from the relative 
solar abundances of H and Xe that more than sufficient solar wind H has impinged 
upon the soil and breccias to combine with all the O in these materials. On the other 
hand, a similar calculation shows that solar wind H could at best only reduce about 

1 or 2 per cent of the O in the crystalline rocks. 


(4) Oxygen in the moon, earth and meteorites 

In order to compare the O abundances found in the lunar rocks and fines with 
terrestrial and meteoritic abundances, in Fig. 1 we have plotted O against Si abun- 
dance (Eugster, 1969). Meteorite abundances aie taken from Vogt and Ehmann 
(1965a, b). Because of the problem of terrestrial oxidation, only chondrite analyses 
for falls have been used. In terrestrial rocks (Eugster, 1969), Si and O are correlated 
and can be expressed as: 


% O = 0-415% Si + 35-0. (1) 

Terrestrial abundances in Fig. 1 are represented by a line based on equation 1. A 
regression line calculated for lunar rocks can be written as: 


% 0=1-15% Si -I- 18-2. 


( 2 ) 


The lunar fines do not follow this regression, and show a variation of O abundance 
for almost constant Si. The ordinary chondrites he on the lunar rock regiession, 
although the O and Si abundances within the H or L group chondrites are not cor- 
related. When the values for 13 H and L group chondrites are introduced into the 
lunar rock regression they cause no significant change in slope (1 11) or intercept 
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(18*6), The low O/Si ratio in the ordinary chondrites is due to the presence of FcS 
and Fe-Ni but in the lunar rocks the presence of significant amounts of ilmenite 
(31-6% O) and of Ti(HI) is largely responsible. 



Wt % 0 

Fig. 1. Relation of Si and O in lunar rocks. The line for terrestnal igneous rocks 
is based on that deuved by Eugster (1969). Large circles represent stony meteontc 
averages, where Ca-rich and Ca-poor refer to the appropriate achond rites, CCI, It 
and 111 represent carbonaceous chondritc types and CH and CL aie H and L group 

chondrites respectively. 
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Abstract— Analyses of 27 chips from lunar rocks by instrumental activation techniques provided 
data on Si, Ti, Al, Fe, Mg, Ca, O, Na, Sa, La, Ce, Sm, Eu, Tb, Ho, Yb, Lu, U, Zr, Hf, Ta, Mn, 
Cu, Co, Sc, V and Cr. These abundances may be used to comment on the merits of various analytical 
methods and to survey geochemical characteristics of Apollo 1 1 rocks We propose on compositional 
grounds that rocks 10024 and 1C071 should be classified as '‘basalts'* rather than as “microgabbros”. 
The “mtcrogabbro 1 ’ 10050 is compositionally anomalous, with low Fe (in which it resembles breccias), 
about 6*5% Mg which is the highest Mg content we have measured in these materials, and low La 
and Hf contents. It may be a specimen from a geologic unit distinct from that on which Eagle 
landed. Breccia J0056 is also compositionally anomalous, but U resembles “microgabbros” like 
10047 closely enough so that one need not adduce exotic provenance as an explanation. 

Twenty-seven chips from diverse rocks of the Apollo 1 1 collection were provided for 
analysis by our instrumental activation techniques. Three purposes were served by this 
work: (1) A library of specimens for which many elemental abundances are known is 
made available for further, possibly grossly destructive, investigations. Our work 
leaves minute amounts of artificially-induced long-lived radioactivities in the speci- 
mens and introduces minor radiation damage, principally from fast-neutron bombard- 
ment, but the specimens are physically intact and essentially unmodified chemically. 
(2) We gain experience in comprehensive analyses of gram-sized specimens, in case it 
ever becomes necessary to undertake elaborate sequential investigations of especially 
rare materials. (3) We learn much about the geochemistry of a wide variety of Apollo 
1 1 rocks. This paper is mainly concerned with the first and second of these aims; we 
here discuss briefly some technical innovations, report our data, and compare them 
with abundances determined by other workers. * Geochemical interpretations of the 
data are in large part reserved for other papers in this issue. 

Of the rock chips, four aie “basalts”, five are “microgabbros” and the remainder 
are breccias. Two of the “basalts”, 10024 and 10071, were initially classified as Type 
B rocks or “microgabbros” (Warner, personal communication). Wc consider them 
to be “basalts” on compositional grounds, but detailed petrographic studies should 
be undertaken to clarify their classification. 

Data on Si, 0 and one set of Al abundances were obtained by two of us (W.D.E. 
and J.W.M.) using 14-McV neutron activation analysis as described by Morgan and 
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Eh mann (1970). Samples and standards were packaged for irradiation and counting 
under a diy nitrogen atmosphere in the manner of Ehmann and McKown (1968). 
Silicon and oxygen abundance estimates are based on 5-12 replicate analyses of each 
specimen, yielding standard deviations from the mean of about ±0*12% Si and 
±0*29% O. Aluminum abundance estimates are based on only two analyses (for the 
Ehmann-Morgan data set) of each specimen, which yield an average deviation from 
the mean of ±0*2% AL 

Data on Ti, A1 (the second set), Mg, Ca, Na, Mn, Cu and V were obtained by the 
Oregon State University group (R.A.S. and H.W., with some assistance from their 
co-workers). 'A brief account of the activation levels, nuclear reactions and detectors 
employed is given in this issue (Wakita et aL y 1970). A more detailed description is 
given by Schmitt et al. (1970). During photon uclear activation (with 23-MeV 
bremsslrahlung) for determination of Mg, which was done at the electron linear 
accelerator of Gulf General Atomic, San Diego, the vial containing specimen 10050-29 
ruptured. Modifications of the method of Ehmann and McKown have been devised 
to obviate this problem, which arises because of the large decelerations experienced 
by the specimen container in the “catcher’ 5 of the electron linear accelerator. 

Table L Major elements in igneous rocks (wt. 0 o ) 


‘Basalts’* “Microgabbros" in error 



10022-32 

10069-23 

10024-20 

10071-21 

10003-36 

10047-14 

10058-21 

10062-28 

CStl- 

1 0050-29 mates 

Si 

194 

IS 3 

185 

19 1 

17*9 

20 I 

19 0 

18*0 

18*4 

0 1-0 2 

Ti 

7-1 

7*2 

7*5 

7*0 

7*1 

60 

6 1 

67 

66 

0-3-0 4 

At* 

(4 2 

37 

4 I 

. 4*2 

5*1 

55 

5 5 

5*3 

53 

0 2-0*3 


14 7 

3-8 

4*3 

4*5 * 

57 

57 

6*3 

6*1 

58 

0* 1-0*2 

Fe 

15*7 

14*1 

15*4 

14*9 

15*3 

15 I 

14*9 

150 

13*6 

0 2-0 4 

Mg 

41 

3*7 

4*3 

44 

49 

3*5 

3*8 


6*5 

0*2-0 4 

Ca 

7*4 

7*1 

7*1 

72 

83 

8*7 

8*1 

93 

8*2 

0 7-0 9 

O 

39 3 

37 6 

38 9 

40 3 

38*1 

40 t 

39 9 

38 0 

40 5 

0 1-0-5 


* First set of values for Al are those determined by W D.E and J.W.M, The second set (single determina- 
tions only) were done by R.A.S. and HAV. 


Table 2. Major elements in breccias (wt. %) 


Range in 



lOOt 8-21 

10019-11 

10021-22 

10048-32 

10056-23 

10059-30 

10060-17 

10061-32 

10063-05 

error 

10064-10 estimates 

Si 

20 1 

18 9 

19 6 

18*1 

20 2 

19 1 

20 0 

18 9 

20 3 

19 4 

0 1-0 2 

Ti 

4 9 

4 9 

4*9 

4 8 

5 S 

47 

5*1 

44 

5 3 

56 

0 2-0 3 

Al* 

(6 6 

6 5 

6 7 

6 1 

5*7 

64 

6 2 

67 

66 

5 9 

0*2 

Fe 

17-7 

7 5 

7*2 

67 

64 

70 

60 

7*8 

7*7 

56 

0 2-0 3 

13 1 

12 7 

13*1 

13 2 

14 3 

12-9 

13*1 

12*63 

13*1 

128 

0 18-0 4 

Mg 

Ca 

5 1 
88 

3 8 
90 

5 0 
77 

4*1 

SO 

3 9 
94 

5*1 

S 1 

49 

59 

4*7 
9 7 

4-3 

0 2-0 5 
0 8-1 0 

O 

40 1 

39 9 

41 8 

39 8 

41 3 

40 0 

40 3 

41*7 

41 9 

40 5 

0 1-0 6 


10065-14 

10066-05 

10067-05 

10068-20 

10070-05 

10073-21 

10074; 05 

10075-06 

Range in error estimates 


si 

19 3 

20 2 

20 6 

19 3 

20 6 

20 5 

19 3 

19 8 

0 1-0 3 

Ti 

4 7 

4 9 

5 3 

4 7 

50 

4 9 * 

4*7 

45 

0 2-0 3 

Al* 

(0 6 

6 9 

70 

63 

7 1 

7*3 

70 

74 

' 02 


\6 6 

7 8 

8 1 

68 

7*8 

77 

93 

8*7 

0 2-0 3 

Fe 

13 1 

128 

13 9 

128 

12 6 

J2 6 

11 9 

12 t 

0 2-0*3 

Mg 

5 0 

4 6 

7-2 

3 9 

52 

4*7 

4*1 

4 7 

0 2-0 4 

Ca 

9 4 

8 6 

87 

8*7 

8 8 

89 

93 

8*5 

0 8-0 9 

O 

41 6 

41 0 

41 6 

40 3 

43 4 

41*4 

42 1 

40 4 

0I-O7 


done by^R A l S°Vnd l H S w r Al 3rC lh ° SC <ic,crm,ncd by W DE * and J W * M * Thc second set (single determinations only) were 
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Data on Fe, Ba, La, Ce, Sm, Eu, Tb, Ho, Yb, Lu, U, Zr, Hf, Ta, Co, Sc and Cr 
were obtained by the University of Oregon group (G.G.G., ICR. and M.O., with 
much assistance from their co-workers). These abundances were determined by 
techniques similar to those of Gordon et ciL (1968). A noteworthy extension of the 
previous techniques is the determination of U according to Amiel’s (1962) method, 
but using an array of fourteen BF 3 neutron detectors. 

Elemental abundances and error estimates are presented in Tables 1-4. Errors 
cited are estimates of single standard deviations; owing to editorial policy, only 
ranges are given Major elements in Tables 1 and 2 are picsented in the conventional 
order, with O last; minor and trace elements in Tables 3 and 4 are listed in the order 
suggested by Taylor (1965). The complete Lunar Receiving Laboratory specimen 
designation is given only in Tables 1 and 2. The igneous rocks which seem in some 
way anomalous (“basalts’' 10024 and 10071, “microgabbro” 10050) are listed 
out of numerical order to emphasize their peculiar character. Although some 
of the breccias (notably 10056) may also be compositionally anomalous, we do 
not feel confident enough of their distinct character to place them in a separate 
subgroup. 

Averages of major element abundances are compared in Table 5. Where necessary, 
we have reclassified rocks to conform to the scheme used m this paper. It is apparent 
from Table 5 that the degree of agreement between estimates of bulk composition 
obtained by different workers is very satisfactory. Almost all differences may be 
accounted for by sampling rather than analytical problems. Perhaps Turekian and 
Kharkar (1970) are systematically too low for Ti, and the Ca values of Morrison 
et at. (1970) seem to be too high. There is a systematic difference between the two sets 
of Al abundances reported in this paper, which of course cannot be related to sampling 
difficulties, but it is not yet clear which set shoujd be considered the more reliable one. 
In any case, a reasonable infeience from the data of Table 5 is that our instrumental 
techniques are fully competitive with more-conventional rock analysis methods. 

Owing to sampling problems and possible marked heterogeneity from one rock 
to another within a given class, we have not averaged minor- and trace-element 
abundances for purposes of making comparisons. Rather, Table 6 presents for com- 
parison various sets of determinations of elements in different samples of selected 
rocks. Rocks were chosen for inclusion in Table 6 on the basis of having extensive 
data sets available, with a secondary consideration that of providing a repiesentative 
selection. Agreement between the results in Table 6 is gratifying, especially to one 
who recalls problems associated with securing agreement among analyses of standard 
rocks such as G-l and W-I in diverse laboratories. Some of the disagreements ex- 
hibited in Table 6 may be related to sampling but others seem to arise from serious 
analytical errors. We comment below on both types of disagreements, on an element- 
by-element basis. 

General agreement among Na abundances is good, although the LSPET (1969) 
values scatter rather widely and the values reported by Rose et at. (1970) are system- 
atically loo high by about a factor two. For rocks of these compositions, the instru- 
mental activation analysis technique for Na is dearly one of the best available (see 
also Schmitt et at., 1965; and Stueber and Goles, 1967). 
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In contiast, our method for determination of Ba is of marginal utility. It is not 
certain whether this element is quite heterogeneously distributed in these rocks or 
whether the accuracies and piecisions implied by other workers are overoptimistic. 
Two isotope dilution results for Ba in rock 1005S differ by about 6 per cent of their 


Tabic 3. Minor and trace elements in igneous rocks (ppm) 












Range 











in 



“Basalts” 



“ 

Microgabbros” 


error 











esti- 


10022 

10069 

10024 

10071 

10003 

10047 

10058 

10062* 

10050 

males 

Na 

3550 

3650 

3620 

3640 

2700 

3490 

3020 

3140 

• 2630 

50-70 

Ba 

220 

250 

170 

450 

220 

— 

140 

230 



50-80 

La 

25-9 

23-7 

23 0 

25-8 

13-5 

1 1-3 

11-8 

13-1 

7-2 

0-3-05 

Ce 

81 

65 

76 

84 

37 

46 

39 

38 

34 

2-3 

Snr 

20 3 

18 0 

192 

20 0 

13 0 

189 

140 

1! 9 

11-8 

0 2-0 3 

Hu 

2 15 

2 04 

— 

2-12 

1 84 

271 

2 14 

2-07 

2-0 

0 08-0 2 

Tb 

5-7 

48 

— 

5*7 

3-5 

4 I 

3-5 

3-3 

2-1 

0 2-0 6 

Ho 

8-2 

69 

8-1 

92 

40 

7-9 

5-5 

4*4 

46 

0 4-0 9 

Yb 

21 

20-8 

19 6 

20 8 

153 

182 

14 0 

13-5 

11-1 

0*5-3 

Lu 

2 69 

2-67 

3 20 

3 08 

2 62 

2 88 

1 94 

1-94 

1*96 

0 05- 











0 12 

U 

0 67 

0 78 

0 67 

0 69 

031 

0 16 

0 18 

0 27 

0 21 

0 04- 











0 10 

Zr i 

- 130 

520 

650 

210 

560 

— 

190 

290 



80-160 

Hr 

19-6 

17-8 

20 0 

19*1 

11-6 

13 2 

11-2 

118 

86 

0-3-1 0 

Ta 

1-8 

2-7 

24 

20 

— 

26 

1 6 

1*0 

2-2 

0-3-0 5 

Mn 

1770 

1600 

1640 

1650 

1740 

2100 

1870 

1790 

1990 

100-120 

Cu 

— 

12 

— 

11 

— 

— 







2 

Co 

29 8 

26 0 

28 4 

27 1 

14 1 

122 

14 4 

138 

13 6 

0 4-0 7 

Sc 

76 6 

72 4 

76 2 

73 2 

74 0 

92 0 

80 8 

74 7 

88 9 

0 8-1-1 

V 

89 

87 

84 

92 

63 

63 

78 

75 

117 

6-10 

Cr 

2250 

2130 

2290 

2170 

1390 

1250 

1800 

1540 

2120 

30-100 


Table 4. Minor and trace 


10018 10019 10021 10048 


Na 

3720 

3530 

3430 

3490 

Ba 

280 

— 

350 

200 

La 

169 

15 5 

175 

173 

Ce 

61 

54 

61 

38 1 

Sm 

14-6 

12*7 

150 

13-2 

Eu 

1-82 

1-78 

J 80 

1-91 

Tb 

36 

— 

4-2 

3-8 

Ho 

53 

50 

69 

4*6 

Yb 

152 

117 

145 

152 

Lu 

2 14 

1-84 

2-25 

1 90 

U 

0 60 

0 49 

0 56 

0 69 

Zr 

340 

580 

250 

240 

Hf 

12*9 

10*8 

122 

14-5 

Ta 

1*4 

1-7 

1-6 

1*9 

Mn 

1590 

1510 

1560 

1560 

Cu 

— 

— 



_ 

Co 

32-7 

345 

30 7 

32 2 

Sc 

60 3 

60 9 

61-8 

62-7 

V 

67 

63 

73 

67 

Cr 

1880 

1870 

1950 

1950 


10056 

10059 

10060 

10061 

10063 

3370 

3590 

3630 

3550 

3380 

240 

— 

— 

260 



11 0 

181 

17-7 

16-8 

16*7 

34 

59 

61 

48 6 

— 

178 

15 1 

15-4 

13-2 

12-9 

2 63 

1-78 

1*84 

1-78 

1-83 

50 

3-7 

3-7 

34 

— 

6*5 

5-5 

5-3 

37 

4-7 

18 0 

12 5 

13-2 

13*1 

110 

25 

I 97 

2-30 

1 94 

1 76 

0 IS 

0 52 

051 

0 59 

0-51 

340 

— 

770 

240 

490 

13 8 

11*5 

12*1 

33*1 

13-1 

1-6 

1-6 

2*1 




1970 

1440 

1650 

1450 

1620 
i a 

11-9 

34 0 

31*6 

33-7 

lo 

35-2 

91 6 

61-1 

64 0 

59-6 

62-2 

47 

64 • 

58 

80 

90 

1280 

1900 

1880 

1930 

1940 


Elemental abundances by instrumental activation analyses in chips fiom 27 lunar rocks 1169 

i 

mean value (Gast and Hubbard, 1970; and Murthy et aL y 1970), but two isotope 
dilution results for another “nucrogabbro”, 10062, differ by about 50 percent of their 
mean value (Gast and Hubbard, 1970; and Philpotts and Schnhtzler, 1970). 
Some of our values agree well with isotope dilution lesults, but otheis seem to lie as 
much as two standard deviations above them (see data foi 10071, 10003, 10062 and 
10021 ). 

The degree of agreement among rare earth abundances is extraordinary. Cerium 
abundances appear to reflect sampling or analytical difficulties, even if one considers 
only activation analysis or isotope dilution results, but these do not obscure funda- 
mental differences between specimens. Samarium abundances of Morrison et aL 
(1970) seem to be systematically loo high, and those of Wanke ef ctl. (1970) too low, 
but these characteristics are discernible only against a background of excellent agree- 
ment in other data. Terbium presents analytical difficulties to the activation analyst 
and much of the scatter in abundances of this element may be related to them. Hoi- 
mium data are sparse, but perhaps the values of Morrison et a!, are too high. LSPET 
(1969) values for Yb are certainly much too low, as seem to be (to a lesser degree) 
those of Turekian and Kharkar (1970). Two out of the three values for Yb by 
Morrison et aL seem to be too high. Excluding these data, Yb abundances suggest 
that this.element is rather homogeneously distributed in these rocks. Our Lu values 
may be systematically too high, and those of Turekian and Kharkar are too low. 

Most of the Zr values reported by LSPET (1969) are clearly too high, but even 
upon excluding these data much scatter remains. Rose et af. (1970) may have over- 
estimated their sensitivity for this element, but m any case they were working close to 
their detection limit. In view of the significance which abundances of this element are 
likely to have for questions of lunar petrogenesis (Goles et aL, 1970), it would be 


elements in breccias (ppm) 


Range m 
error 

10064 10065 10066 10067 J0068 10070 10073 10074 10075 estimates 


3650 

3600 

290 

- 120 

196 

17-8 

59 

63 

15*5 

14 6 

1*77 

1*73 

3*7 

40 

5*5 

6*7 

14-S 

14*5 

2*46 

2*01 

0-65 

0 54 

520 

— 

13*9 

12*1 

1*7 

2*1 

1600 

] 540 

29 0 

31 6 

60 S 

62 6 

73 

84 

1850 

1890 


3420 

3590 

174 

20 I 

62 

68 

15*1 

167 

l 70 

24 

2*8 

3*1 

6-5 

7*5 

11*8 

13*8 

1*90 

2 20 

0 56 

0 54 

JO 6 

154 

2-1 

2*1 

1590 

J820 

33 8 

35 9 

60 3 

66 0 

59 

71 

1910 

2040 


3280 

3740 

150 

310 

164 

17*3 

60 

56 

14*4 

J 3* 1 

1.80 

1*74 

3 6 

3 l 

6-6 

58 

12*2 

14 

26 

1-80 

0 61 

0 62 

700 

360 

11 0 

12-8 

1 8 

1*0 

1470 

1520 

15 

12 

31-7 

37*3 

60 9 

57*4 

46 

82 

1890 

1860 


3220 

3750 

— 

280 

128 

13-8 

48 

55 

11*5 

11 5 

1 60 

1*73 

— 

2 8 

5*0 

50 

72 

12 

1*76 

1-7 

0 45 

0 49 

— 

500 

8 9 

11-9 

1 6 

1 0 

1580 

1420 

14 

10 

31*1 

30 9 

62 0 

53 7 

82 

78 

1900 

1770 


3350 

60-180 

430 

50-100 

14*9 

0 3-0 4 

50 

1*7-5 

II 5 

0 2-0 3 

1*62 

0 07-0*2 

3 1 

0 3-0 5 

54 

0 4-0 8 

11*2 

04-1*5 

1 89 

006-0*15 

0 52 

0 05-0 08 

390 

70-180 

8*8 

0*3-0 5 

1*4 

0 3-0 4 

1540 

80-110 

10 

2 

28 7 

0 4-0 9 

56 8 

0 6-1 6 

85 

6-17 

1790 

50-80 
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Tabic 5A. Averages of major-element abundances in “basal Is” (wt. %) 



St 

Ti 

Al 

Fe 

Mg 

Ca 

O 

This work (4 rocks) 

18 8 ± 0 5 

7*2 ± 0 2 

4*1 ±0 2* 
4 3 ± 04t 

‘15 0^07 

A \ ± 0 3 

7 2 ± 0 1 

39 0 ± 1 1 

Compston ct al . 
(1970) (3 rocks) 

18-9 

7*2 

4*2 

15*1 

45 

76 

— 

Gast and Hubbard 

— 

76 







75 


(1970) (3 rocks) 

Morrison ct al. 
(1970) (3 rocks) 

20 0 

64 

4 6 

15 3 

4 3 

102 

— 

Rose et al. (1970) 

18 7 

76 

4*8 

J45 

48 

7*4 


(2 rocks) 

Taylor et al. (1970) 

193 

65 

52 

14*2 

4 6 

75 


(7 rocks) 

Wankl ei al. (1970) 

19 3 

68 

42 

14*3 

4*5 

S3 

40 6 

(2 rocks) 


Table 5B. 

Averages of major-element abundances m 

“microgabbros” (wt. %) 


Si Ti 

At 

Fc 

Mg 

Ca O 

This work (5 rocks) 

18 7 £ 0 9 6 5 £ 0 5 

53*i- 0*2* 
5*9 ± 0*9 X 

14 8 ± 0 7 4*7 ± 1*4 8 5 

” 05 39 5 ± 1 I 

Compston et al. 
(1970) (4 rocks) 

18*8 6*3 

53 

15 I 

4*1 

82 — 

Gast and Hubbard 
( 1970) (4 rocks) 

— 58 

— 

— 

— 

7*9 — 

Rose ct al (1970) 
(6 rocks) 

IS 8 66 

56 

14 5 

42 

8*1 — 

Tailor et al. (1970) 
(8 rocks) 
Turekian and 

19 0 5*5 

6*2 

14 0 

48 

7*6 

IClIARKAR (1970) 
(2 rocks) 

— 38 

— 

12*5 

— 

— — 


Tabic 5C. Averages of major-element abundances in bieccias (wt. ,) 



Si 

Ti 

Al 

Fc 

Mg 

Ca O 

This work (18 rocks) 

19 7-07 

5 0 — 04 

6 6 ± as* 

7 4 ± 0 9* 

130 -b06 

4*6 ± 0 6 

8 8 £ 06 4I-I £ ! 0 

Compston et al. 
(1970) (2 rocks) 

19*5 

47 

66 

12*8 

47 

8-6 — 

Morrison et al. 
(1970) (3 rocks) 

197 

5-2 

60 

139 

4*3 

10 4 — 

Rose et al. (1970) 
(4 rocks) 

194 

56 

6*5 

12 7 

4*4 

8-4 — 

Taylor et al. (J970) 
(3 rocks) 

1 9*6 

53 

62 

13*7 

5 1 

74 — 

Turekian and 
Kiiarkar (1970) 
(2 rocks) 


3*8 


12*5 • 

— 

— — 

Wankl et al (1970) 
(2 rocks) 

19 7 

5*1 

6*2 

11-6 

4*8 

— 41*1 


* Determined by W.D.E. and J.W.M. 

t Determined by R.A.S. and H.W. Single dcicm'unations only. 
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worthwhile to undertake a detailed investigation of its distribution by, e.g. isotope 
dilution or radiochemical activation techniques. An efficient way to attack this prob- 
lem would be to use some of the chips reported on here, for which accurate Hf data 
are already available with which to construct Zr/Hf ratios. 

Activation analysis determinations of Mn seem to be more reliable than any of the 
various spectrograph ic or X-ray fluorescence results. The relatively subtle differences 
from one rock to another in Mn contents probably are best mapped with our technique. 

LSPET (1969) values for Co are too low; otherwise the agreement for this clement 
is good. 

Scandium values reported by LSPET tend to, scatter in an apparently unrealistic 
way. Our Sc results aie systematically slightly lower than those of other activation 
analysts or of Annel and Helz (1970); since we used standard rock W-l as a flux 
monitor for this element, it is not easy to rationalize this disagreement. 

LSPET values for V are too low, but in several cases might represent the lower end 
of the actual range of abundances in small samples. Without more information, it is 
not possible to decide whether we aie faced with sampling or analytical problems for 
this element. 

Agreement among Cr abundances is unsatisfactory, even if one focusses on activa- 
tion analysis results alone. For example, four determinations of Cr in breccia 10060 
by activation techniques are: 1880 ± 60, 2200, 2800 and 1820 (all in ppm). It seems 
likely that tjiere are severe sampling problems here, and that all results (with the pos- 
sible exception of those by LSPET) are equally valid from an analytical standpoint. 

We shall conclude by discussing briefly the evidence for geochemical clans among 
these rocks. As has been pointed out by numerous investigators at the Apollo 11 
Conference, theie are first-order distinctions between igneous rocks and clastic 
materials (breccias and ‘'soil”)- We can now discern second-order distinctions within 
these classes, exhibited in abundances of many elements. Consider Tables 1 and 2, 
especially data for Ti, A1 and Ca. Titanium is relatively high in “basalts” and, 
on the aveiage, intermediate in “microgabbros” and low in breccias. Aluminum is 
distributed in a mirror-image way (Ehmann and Morgan, 1970), as is Ca, although less 
strikingly. In phratry A, the “basalts”, there is no chemical distinction between clan 
A-l, rocks 10022 and 10069 whose classification was never in doubt, and clan A-2, 
rocks 10024 and 10071. (This statement is valid for the data of Table 3 as well.) In 
phratry B, “microgabbros” fall into two clans, the populous B-l (10003, 10047, 10058, 
10062) and the apparently rare B-2 clan of rock 10050. Rock 10050 is chemically very 
unusual, with low Fe (near the upper end of the breccia range), the highest Mg content 
we have measured, and strikingly-Jow La and Hf contents. It does not seem likely 
that it can be petrogenetically related in a simple way to the other “microgabbros”. 

Among the breccias of phi airy C, we may pick out a C-2 clan consisting only of 
rock 10056. This rock has a Ti content like those of the B-l clan, rather low Al, and 
the highest Fe content among the breccias. Its trace-element abundances resemble 
very closely those of “microgabbro” 10047. Presumably our sample of 10056 contains 
one or more clasts of rocks of clan B-l which tend to dominate the geochemical 
relationships. Perhaps one cannot even exclude mislabeling as an explanation of 
these observations. Our chip (10056-23) appears on superficial examination to be a 
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Tabic 6. Comparisons of minor and trace elemental 


* 

10022 

10071 

10003 

10058 

10062 

Na 

3550 ± 70 
3000' 

6700* 

3640 ± 70 
3900° 

2700 ± 60 
3000 h 
2900 c 
6300 1 

3020 + 60 

2900* 

4100' 

3200 e 
5000 1 

3140 ± 60 
3000 b 
3300* 
5100 1 
2990P 

Ba 

220 70 

100' 

277 h 

450 ± 80 
470* 

327 c 

220 60 
160* 

108* 

140 ± 70 
117* 

85' 

140 g 

I24 h 

230 ± 70 
79 9* 
I34 k 

La 

25 9 ± 0 5 

26 4 d: 0 7 d 

25-8 ±04 
27 a 
27 8c 

13 5 ± 0 3 
15“ 

15-1“ 

14 1 ± 02<> 

1 1*8 ± 0 3 
11*7* 

16& 

13*1 ± 0*3 
13*8* 

32i> 

Ce 

81 ±2 
68 ± 2 d 

84 4-2 
S3*5 C 

37 ± 2 
47*2* 

41 3 ± 0 7 d 

39 ±2 

40*2* 

45s 

38 -|r 3 
42-7° 
40 2 k 
48r 

Sm 

20-3 ± 0-3 
21*2 ± 0*1 d 

20 0 ± 0 3 
22*7 c 

13 0 ± 02 
14.5c 

13*1 ± 0 1« 

140 ±02 
17*1* 

22b 

1 1*9 ± 0*2 
13*3* 

14*7* 

10P 

Eu 

2 15 d: 0 10 
2*04 ± 001 d 

212 ± 0 15 
2 29 c 

1*84 ±0 09 
I 82* 

1*80 ± 0 01 d 

2 14 ± OH 

2 64* 

3 05 

2 07 + 0 08 
2 02* 

2 07 k 
1-8P 

Tb 

57± 06 
4*7 ± 0 l«t 

— 

3*5 ± 0 3 
3*26 ± 0 G7 d 

35 ± 02 
5 45 

— 

Ho 

82 ± 08 
5*5-8 *7 U 

— 

40 ±06 
3*7-4*4 d 

5 5 ±0 5 
95 

— 

Yb 

21 ± 3 
17-7 ±0 5* 
V 

20 8 ± 1 6 
20 2° 

15*3 ±07 
12 7c 

11*9 ± 0*3 d 

14*0 ± 1 3 
15 2* 

5' 

225 

13*5 ± j 3 
12 1* 
ll*3 k 
6 3P 

’Lu 

2 69 ± 0 09 
2*55 ± 0 02 d 

3 08 a. 0 07 
2-87= 

2*62 0 08 
l*8| c 

J 69 ± 0 0I d 

1 94 ± 0 08 
2* 14* 

2 35 

J *94 ±0 07 
1*73* 

1 76 k 
0 87P 

U 

— 

0 69 -t 0 09 
0 873° 

0*31 ±0 05 
0 26 ±0*03 > 
0 29 0 02J 

0*268° 

0 18 ± 0 05 
0 20« 

— 

Zr . 

130 ;t HO 
1000' 

— 200 1 

210 ± 110 
644“ 

560 ± 160 
380 a 
309 b 
<200 l 

190 ± 100 
250' 

3805 

<200' 

290 ± 80 
. 319 b 
<200' 

Hf 




11-2 ± 0 4 
135 

H*8 ± 0*3 
10P 
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abundances in selected individual rocks (ppm) 

10050 10018 10021 10056 10060 J0061 


2630 ± 50 

3720 ± 180 

3430 4- 70 

38001 

3400 b 

I500 f 

4900 1 

3920* 

3470P 


280 ± 70 

350 ± 80 


220 a 

270 a 


175 b 

105 r 


200 k 

2 ll k 


16 9 ±04 

17-5 ±04 


15 a 

22 a 


24* 



m 




61 i 2 

61 J- 2 


G7 b 

57*2 k 

. 

52 8 k 



14 6 ± 0 3 

150 ±02 


16 3 k 

17*2 k 


8-5* 

I2P 


— 

1 82 ± 0 09 

1-80 ±0 09 


l*84 k 

1 91 k 


1 *68* 

1-8P 








11*1 ±05 
2*7 f 

15 2 ± 04 

11 S k 

11 -1* 

14-5 ±07 

4-5 r 

12-7 k 

— 

2 14 ± 0 07 
1 87 k 
1-56* 

2-25 ± 0 07 
I-99 k 

0-21 ±0 05 
0-156* 

0 60 J- 0 08 
0 60 ± 0 09 1 

0 56 ± 009 
0 54 ± 0 08 1 
0 39P 

700 t 

<200* 

340 ± 100 

42<> a 

32S b 

250 ± 90 
424 a 
15001 


3370 ± 60 

3630 ± 70 

3550 ± 70 

3200* 

34008 

5800 1 

3800" 

3600* 

3500 b 
3700 f 

240 ± 80 
100e 


260 ± 70 
27 0 a 
128 b 
90 f 

110 ± 0 3 

17-7 ±04 

168 ± 04 

138 

20 8 ± 0 4 d 

I8 a 

12P 

25 n 

18* 

23 b 

34 ±2 

61 ± 3 

48-6 ± 1*9 

428 

75p 

. 58 ± 1*1 
628 
59 0 k 
56" 

37b 

17-8 ±03 

238 

17P 

15-4 ±0 3 
154 ±0 1*- 

17-5 k 
I6 n 
8 7* 


2-63 ±0*16 
2-5e 
2-9 p 

1-84 -4- 0 08 
2 06 ± 0 02 d 
2 08 
l-98 k 
1 9, 2*6" 
1-61* 


5 0 ± 0-5 
5 48 

37 ± 04 
3-6 ± 0-1 d 
5 08 
6" 


65-4-08 

5 3 ± 0-6 

— 

98 

4 4-5-4 d 
108 
7 n 


180± 1 5 

13-2 ±0-7 

13 1 ± 0-5 

20« 
8 3P 

J3 2 ± 0-3 11 
228 
12-7 k 
14" 

10 9* 

1-8* 

25 ± 03 
1-88 
1-2* 

2 30 ± 0 08 
2 00 ± 0 02 u 
2 08 
!-92 k 
l*8 n > 

'1-57* 


0 18 ±0 05 

0-51 ±0 07 

0-59 ± 0 08 

0 2ic 
0 45P 

0 60 K 
0 60’" 
0 4" 

0674° 

340 ± 110 

770 ± IJ0 

240 ± 70 

4108 . 

5808 

—300^ 

,300, 320, 340* 

393 a 

342 h 

4O0 f 

13-8 ±05 
1 1 8 
IIP ' 

13-1 4- 0*3 

138 

12" 
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Tabic 6 (continued). Comparisons of minor and trace 



10022 

10071 

10003 

10058 

10062 

Ta 

— 

— 

— 

1-6 ± 0 3 
1-05 

1-0 -4-0 3 
1 8P 

Mr 

1770 ± 110 
2000 1 
1900 1 

1650 ± 100 
2230 a 

1740 ± ICO 

2580 a 

2300 1 ' 

2200 1 

1870 -- no 
4300 r 
1900K 
2I00 1 

1790 ± HO 
2300* 

2100' 

1 5101* 

Co 

29 8 ± 0 7 
15' 

27 1 ± 0*7 
33 a 

14- 1 ± 0*4 
15 a 

14*4 ±04 
7* 

145 

13-8 ±04 
13P 

Sc 

76*6 ± 1 0 

not 

73*2 4- 1 0 
97a 

74 0 -1- 0 8 

94a 

8O-8-1- H 
130' 

875 

74 7 J- 0 8 
76* 

V 

89 ±8 
36 f 

92 ± 9 
78 a 

63 -1- 7 
82 a 

78 ±9 

•32 1 

415 

— 

Cr 

2250 ± 100 
2800 1 
2500 1 

» 

2170 ± 80 
3060 a 

1390 30 

1860 a 
18001 

1800 ± 70 

3700 r 

15005 

1600 1 

1540 9- 40 

I700 1 

1310'’ 


a. Annel and Helz (1970); emission speclrography. 

b. Compston ct aL (1970) , X-iay fluorescence, flame photometry. 

c. Gast and Hubbard (1970), isolope dilution, atomic absorption. X-ray fluorescence, wet chemical 

d. Maskin' ct aL (1970); radiochemical activation analysis. 

e. Keays ct aL (1970); radiochemical activation analysis. 

f. LSPET (1969); principally emission speclrography. 

g. Morrison ct aL (1970); activation analysis and spark-source mass speclrography. 

h. Murihy et aL (1970), isotope dilution. 

i. O’ Kelley et aL (1970); gamma-ray spectrometry. 


single clast of an intensely microbrecciated, relatively coarse-grained igneous rock. 

We conclude that of the two anomalous chips we have analysed, 10056 seems to 
be related to the “microgabbro” clan B-l and thus does not pose any extraordinary 
problems of provenance or petrogenesis. Rock 10050, however, may well have origi- 
nated as an impact-mobilized fragment from a geologic unit distinct from that imme- 
diately underlying the regolilh at the Apollo 11 landing site. If so, a detailed study 
of this rock would be very valuable. 
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I 

elemental abundances in selected individual rocks (ppm) 


10050 

loots 

1002 1 

10056 

10060 

10061 


1*4 -0*3 



1 6 ± 03 

2*1 ± 0*4 

— 


2 I* 


2*2 P 

1 7* 





2 6* 



1990 * 120 

1590 - 100 

1560 - 90 

1970 - 120 

1650 H- 100 

1450 80 

3900 r 

1600-' 

1 770 1 

2000* 

1600^ 

1820 1 

2 100 1 

1700* 

I700f 

2140* 

!800 l 

I700’> 


1050* 

1580* 


1620" 

2400 f 





1340* 


13 6-05 

32*7 * 0 8 

30 7 - 0*7 

119^0-4 

31*6 1-0 6 

33 7 4- 0 6 

J 5*2 e 

32" 

33* 

15* 

32* 

35" 

J0 f 

35* 

I3 r 

14* 

~30" 

23 1 ■» 


24 0* 



30 0* 

34 2° 






12 E 

SS*9 - 1*0 

60 3 - 0 7 

61*8 - 08 

916-h 16 

64 0 + 0 7 

59 6 J - 0 7 

1 70 f 

66" 

72" 

97* 

70s 

67" 


69* 

68< 

109* 

70" 

55 f 





70* 


117 - 9 

67 - 14 

73 - 9 

47 4- 9 

58 4- 8 

SO 6 

SO' 

60" 

60" 

56* 

62* 

60" 


5V> 

22 f 


— 90" 

34* 






32 r 

2120 i 60 

1880 « 60 

1950 - 50 

1950 ~ 50 

1880 -h 60 

1930 l 50 

4800 f 

2340" 

2480 » 

1400* 

2200* 

2730" 

2400' 

1950* 

2500 r 

1410* 

2300 1 

1940* 


1900* 



2800" 

3000 f 


1820* 


j. Perkins eta! (1970), gamma-ray spectrometry. 

k. Philpotts and ScHNCrzLErt (1970); isotope dilution, 
i. Rosr el <tL (1970); X-ray fluorescence, wet chemical. 

ni. Silver (1970); isotope dilution. 

n. Smales ct aL (1970); divcisc techniques. 

o. Taisomoio and Rosholi (1970); isotope dilution. 

p. Tukekian and Khakkak (1970); activation analysis. 

q. Waukv el «/. (1970); activation analysis. 
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A lthough activation analyses was first used 
over 30 years ago, 1 this technique only came 
into general use several years after the end o£ 
World War !L Since then, the applications have 
spread to many fields, as the recent comprehensive 
bibliography produced by ths National Bureau of 
Standards well illustrates, 8 It is probably true that 
activation analysis, especially by neutrons, lias had 
its greatest impact ia meteorite studies, where the 
high sensitivities and comparative freedom from 
laboratory and reagent contamination have enabled 
radiochemical analyses to be mads routinely at 
microgram to nanogram levels. Nondestructive 
neutron activation analyses have been made using 
Nal(Tl) gamma-ray gciatOlatkra spectrometry, 8 
but the poor energy resolution severely restricts the' 
application of this technique. lo favorable cases 
where ths indicator radionuclide has two or more 
gamma rays in cascade, very specific determina- 
tions have been carried by Nal(Ti) coincidence 
counting? and by single parameter 5 and multi* 
parameter* coincidence spectrometry. Ths advent 
of the high resolution, solid-state detectors has 
added a new dimension to activation analysis, as 
it makes possible the nondestructive determination 
of a large number of major, minor, and trace 
elements in materials of geochemical and cosmo- 
chemical interest (see, for example, Ref. 7). A 
somewhat different approach to the nondestructive 
analysis of meteorites and rocks has grown from 
the commercial availability of small 14-Mev 
neutron generators. The major application of these 
instruments has been ths nondestructive analysis 
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of the lighter, more abundant elements. 6 - 6 

Ths application of these techniques has been 
particularly valuable for the analysis of meteorites 
where specimens are often -rare and ths amounts 
available for analysis small. The experience gained 
by a number of laboratories la this type of analysis 
was turned to great advantage when ths first lunar 
rocks were returned to earth, it is the purpose of 
this article to summarize ths principles of non- 
destructive activation methods that can be applied 
to aseteoritic and lunar material. 


Principles end techniques 

The active tksa method is based on induced . 
nuclear reactions of naturally occurring isotope 
which yield radioactive indicator nudide3. Ite- 
gardiess of the nature of the activating flux, th© 
activity of the indicator radiosnsdid© after estiva- 
tion c&a be given by . 

A ~ eijoGD (1) 

vyhers 

A t= activity of product radionuclide, 
disintegrations see-* 

n s= number of the target nuclide atoms ia 
the sample 

/ ss bombarding particle fiux, particles 
cnr s sec _i 

cr — activation cross section, cm 8 . 

G — growth, or saturation factor — (i-e** 4 ) 
j? = decay factor — (c“Hd 
X « decay constant of the product radio- . 

nuclide 
t ~ time 

f t d ~ irradiation and decay, respectively. 

Equation (1) has two variables, C? tmd O, 
which can be chosen to favor the analyses required. 

Tha growth factor G is generally chosen to be 
about 0.5; that is, the sample is irradiated for 
one half-life » X/la2) of the product nuclide. 
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The decay factor 0 can be adjusted so that short- 
lived interfering radionuclides are allowed to do* 
cay before counting. Here again, one half-life is 
generally an acceptable period. 

In most practical' situations, the values for the 
Sux, cross section, and absolute activity are diffi- 
cult to evaluate precisely, and it is customary to 
irradiate a standard of known composition simul- 
taneously with the unknown sample. After a suit- 
able decay the standard and sample are sequen- 
tially counted with, the same detector system so 
that 

<*> 

where R is the experimental counting rate, W is 
the weight of the element, and the subscripts refer 
to sample and standard, respectively. 

In some applications it is not convenient to 
irradiate sample and standard simultaneously. 
Samples and standards may bs irradiated and 
counted sequentially, and the relative flux can be 
monitored independently. If the irradiation and 
counting times are tbs came, the demental abus- 
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dans© can then be derived by 

R&yn N . Dj/cjj 
Musa ' Awa ' 

where M is tbs integrated monitor count. 
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14-Mev neutron activation analysis 


(3> 


A convenient laboratory source of fast neutrons 
is provided by a simple Cockcroft- W slton gener- 
ator. Deuterium is doubly ionized in an ion source 
sad accelerated by a series of electrodes to an 
energy of about 150 ksv. bfeutrons are produced 
by the reaction 

S H (d,n) 4 Ke 

The yield is very nearly isotropic, and the energy 
of the neutrons is approximately 14 Mev at the 
tar^t position. Many applications of 14-Mev 
neutron activation utilize short-lived^ indicator 
radionuclides, and therefore time is of the essence 
when the irradiated sample is transferred to the 
counting position. Pneumatic sample transfer sys- 
tems are almost universally employed, and these 
can bs cheaply made from low .density polyethylene 
tubing. 10 Encapsulated samples may be propelled by 
compressed nitrogen or vacuum, u * 18 and irradia- 
tion, delay, and counting times are generally con- 
trolled by preset electronic timing circuits. 

Meteorite and terrestrial rock specimens are 
usually powdered before analysis, so that a repre- 
sentative sample may be - obtained, but for lunar 
rocks the small pieces provided must often be kept 
'intact The samples should be prepared and en- 
capsulated under dry nitrogen if oxygen determina- 
tions are required. In our laboratory, samples are 
sealed in polyethylene vials using heat-shrinknbie 
• tubing to effect a neat gastight closure. 18 These are 
rcproducibly located in 2-dram, polyethylene, 
cnap-top pill packs that are heat-sealed with a 
beveled iron to give a truncated conical shape to 
the completed “rabbit." 

The precision and accuracy of the 14-Mcv 
method are influenced by a number of factors that 
have been reviewed recently. 14 

In the determination of major elements in 
terrestrial rock samples, good precision has been 
obtained by irradiating sample and standard 
simultaneously 18 ' 16 using a dual-transfer, biaxial- 
rotator system. For reasons connected with the 
statistical advantages of comparing each sample 
with several standards, in our laboratory the 
samples and standards are irradiated sequentially 
using a singl e-transfer system shown schematically 
ia Figure L By detailed attention to beam stability 




and flux uniformity and by careful quality control 
of the neutron monitoring system, it is possible to 
approach the precision attainable by biaxial ro- 
tation. 47 

The major products of 14-Mev neutron re- 
actions.on each clement have been compiled, 10 and 
a study of the analytical interferences has been 
made, 19 Interferences may be of two types. Type I 
are primary interferences where the indicator 
radionuclide sought is produced by another reaction 
on a different element. Type II are spectral inter- 
ferences in which a radionuclide is produced which 
has a photon energy unresolvabie from that of the 
indicator radionuclide by the chosen detection 


method [usually Nal(TI) spcctrometiy). Re- 
actions that are of interest in the analysis of 
meteorites aad lunar rocks axe summarized in 
Table L It will be noted that cross sections am 
given in miiiibarns, where 1 barn = 10' 3 * cm 3 . The 
high energy ,C N gamma rays are very specific, 30 and 
this has enabled the development of a multiscale 
method for oxygen, which circumvents many prob- 
lems associated with timing errors and variations 
in neutron fiux. 1T In this method both the output 
of the neutron monitor and the 1S N activity are re- 
corded on the same multiscale pass. This is -illus- 
trated by Figure 2. By suitable computer processing 
it is possible to compensate accurately for flux aad 


TaWet . ' 

Elements ef Gosmoohemtcal interest which mey dete?min®d by 14-Mw neutron activation 

tutor- 

Product forenee 




SsmiviQ 

Product 



geirmls 

isrterfersnes 


Analytical 

enargy. 


Type i ; 

Yyp<s It 

energy. 

half- 

* gtamo&t 

reaction 

Mov 

life 


fntorfsroflee 

. Mov 

Ufa 

.0 

160(^)16^ 

• G.U 

7.35 


iiBtepWBa 

6.8 

13.6 tse 



7.12 




©.O' 

• 



1.37 

16 hr 


4>K(flL£)4tAr 

1.29 

143 hr 



2.75 






Ai 


0.84 

8.5 min 



0.68 

2.S8 hr 



1.01 



/3-{- ennihlistion 

1.02 


Si 

23st(ap>2QAi 

* 1.78 

2.3 m?n 

27AI(/vy) 28 A$ 


1.81 

2.S8 hr 


* 




<STt(o,p)«Sc 

1.76 

07.6 min 

Vi 

so 

0.14 

ZQ&tt 

‘'> B Sc-(A.'Y) <5fl<M Ss 

WFsf/tAl^FVln 1 

1.37 

1.7 min 

Fs « 


0.85 

2-68 h* 

S&Mnf/vyl^Mn 






1^8! 



^i(n.p)^ao 

1.76 

67.5 min • 
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timing variations. 

About 1 min after irradiation, M AI produced 
from Si is the major gamma activity visibie in a 
silicate rock, and interferences are generally very 
small. 31 A major problem in the precise determina- 
tion of silicon has been associated with the analyzer 
dead time. This can be minimized by controlling 
the analyzer with an external timer set for an 
elapsed time E. The actual live time L is stored in 
the analyzer. The empirical integrated gamma 
activity / is then corrected by a factor E/L to give 
a more representative integrated count In some 
cases a more precise mathematical treatment may 
be needed. 

A recent innovation in "analyzer design which 
• claims a “zero dead time” will be of considerable 
value for the measurement of short-lived activities. 
This system stores counts arriving during a dead- 
time period, and then transfers them to the same 
address as the next count to arrive after the an- 
alyzer is again enabled. Since the dead-time cor- 
rection is important only for high count rates, it 
can be seen that the numbers of counts involved- 
make this sampling procedure statistically sound. 

The integration of the photopeak in the gamma 
spectrum is carried oat in our laboratory using the 
procedure outlined by Sterlinski.** This is a rela- 
tively simple mathematical method for obtaining 
good statistical data, which requires no assump- 


tions to. be made about peak shape or instrumental 
resolution. It enables tits spectrum shape of the 
sample and standard to bo compared and can de- 
tect nonlinearities in the baseline under the peak 
being integrated. 

The analyses of the lunar samples for aluminum 
were based upon the 0.84-Mev gamma ray of flT Mg. 
Hie interference from silicon is a large one, and it 
was found empirically that 1 % silicon is equivalent 
to 0.03% aluminum. In order to minimize the 
effects of any residual error in this correction, 
standards were chosen whose gluminum-to-silicon 
ratio bracketed those of the lunar rocks. 

In the Apollo 1 1 rocks the iron abundance is 
high and constitutes a serious interference to the 
aluminum determination. This was empirically cor- 
rected for by recounting the sample after approxi- 
mately 2 hr. By this time at Mg had largely decayed, 
and the interfering M Mn photopeak could be pre- 
cisely evaluated. From the same spectra it was also 
possible to derive iron abundances. Magnesium and 
titanium analyses by 14-Mev neutron activation 
have not yet been made on lunar rocks, though in 
principle these measurements are feasible. 

Nal(Tl) coincidence spectrometry 

The energy discrimination of Nal(Tl) detectors 
is often inadequate for the resolution of the com- 
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Table 2 Elements of cosmochemical 

interest which may be determined by gamma-gamma coincidence 


Element 

* 

Reaction 

r 

oolncldanco, 

h/lev 

Half- 

Ufa 

Element 

Reaction 

Major 

coincidence, 

tWiav 

Holf- 

lifo 

Sodium 

»Na{n,7) 2< N« 

137-2.75 

16 hr 

, Barium 

i£083(n,y) ,3( 8a 

0.12-0.60 

12 days 

Scandium 

«6Sc(/vy)4s$c 

G.89-1.12 

84 days 

lanthanum 

13SU(/tT) 14 °U 

0,43—1 .80 

40 hr 

Man g&noze 

65Mn(tt.7> 6 *Mn 

0,84—1 .81 

2.6 hr 

Samarium 

iS2Sm(aT)i83sm 

0,07-0.10 

47 hr 

Cobalt 

08Co(/vy)6<>Co 

1,17—1,33 

63 y t 

Europium 

l6iEu{/j,7)istEu 

0.122-0.98 

12 yr . 

Nickd 

GSNi(n^)!»Cti 

0.51 (ff+) 


Hafnium 


0.1 3-0.48 

42.6 days 



“0,81-1.64 

71 dsyo 

Tantalum 

l8lTa(n.7)'G2t8 

0.22-1.23 

116 days 

Coppar 

G3Cu(n,y)teCu 

0.61-0.61 (/?+) 13 hr 

Tungsten 

168w(/?,7)1Wvv . 

0.13-0.65 

24 hr 

Zinc 

& s 2n(/5,7) 06 Zrt 

0.61-0.610?+) 

-1.12 

245d&yB 

frk&jm 

181|f(n,7)1 e2 lr 

0^2-0^47 

74.2 day 

S*temum 

7<J Ss(/7/y)' s S© 

0.14-0.26 

120 days 

Thorium 

232Th(/J,7)23Sth 
/3 2»Pa 

U X‘ray-0.31 

27.0 day 

Sromino 


0.65-0.78 

36 hr 

UrenJum 

23eu(n,7)23®0 

0.07-0,21 

236 day 

Tin 

«8Sn(fi,7)ll'^Sn 0.16-0.16 

14 days 


J3 2S9|sjp 



Cesium 

133C8(R.7)1WC3 

0.61-0.80 

2.1 yr 
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fclex gamma spectra of an Irradiated rock or 
meteorite. The specificity may be improved i£ the 
indicator radionuclide has two or more gamma 
rays which arc in cascade, that is, which are 
emitted to all practical purposes simultaneously. 
Except in very specialized cases, the neutron out- 
put of 14-Mev generators is not high enough for 
use with the lower detector efficiency associated 
with coincidence detection. Most activation anal- 
yses by the coincidence method require the high 
thermal neutron flux available in a nuclear reactor. 
A compilation of dements that may be determined 
by gamma-gamma coincidence has been made by 
Wipg ar.d Wahlgren, 85 who also calculated sensi- 
tivities for thermal neutron irradiation. A selection • 
of elements whose determination by coincidence 
may have some application to meteorite and lunar 
research is listed in Table 2. The application of 
the coincidence technique is readily illustrated by. 



Fly urn 3 Block diagram of e stngle-poromoter coin • 
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‘ the simple example of the determination of cobalt ^ 
in iron by activation analysis. 84 Thermal ncu-* 
tron irradiation of cobalt induces the reaction 
8I, Co (n, y)Co fl0 . Iron under the same conditions 
undergoes the reaction en Fe(«, y) Rtt Fe. The major 
gamma rays of M 'Fe have energies ofl.10 and 1.29 
Mcv, which obscure the small fl0 Co peaks at- 1.17 
and 1.33 Mev. However, .the cobalt peaks are in 
coincidence, and by using two Nal(Tl) detectors 
and appropriate coincidence mixing circuitry it is 
possible to determine the cobalt content of iron 
nondestructively. 

More recently a similar approach has been ap- 
plied to the nondestructive determination of 
iridium in chondritic meteorites. 85 A block diagram 
of tire single parameter coincidence spectrometry is 
shown in Figure ,?, By use of this method it has 
been possible to determine iridium nondestructively 
at levels between i 0 _<J and J 0~ 7 g g~ l using only a 
few tenths of a gram of sample. 

The single parameter spectrometer has sc tie 
grave limitations. It is often difficult to discriminate 
between true photopeak coincidences and Compton- 
Compton coincidences, and the spectrometer needs 
to be carefully adjusted for each radionuclide 
sought. In addition, only half of the coincidence 
pulses recorded are generally registered in the 
spectrum. This deficiency does not occur with 
0.51-0.51 annihilation coincidences, but unfortu- 
nately in many cases these coincidences 2 re far 
from specific. Iridium is another favorable case, 
where several coincident gamma ra 3 r s occur close 
to 0.3 Mcv. 

In the coincidence system just described, selec- 
tivity is attained by the careful adjustment of the 
single-channel analyzer windows. This has the big 
disadvantage that generally only one radionuclide 
can be determined at a time. To avoid these prob- 
lems, a multiparameter gamma-gamma coincidence 
spectrometer can be used. 85 A block diagram of a 
simple multiparameter system is shown in " Figure 4.' 
The 2.5-cm-thick lead shield between the two 
7.5» X 7.5-em Nal(Tl) detectors serves to reduce 
coincidences due to backscattering, A typical spec- 
trum of the long-lived activity in a lunar rock is 
shown in Figure *5. The energy range covered is 
roughly 0.1 to 1.5 Mev. 

Quantitative determinations can be carried out 
by visual spectrum stripping or by suitable com- 
puter processing. Visual stripping can be carried 
out quite precisely, and the mean relative deviation 
of triplicate stripping- generally averages I to 2%. 

There have bee:, rew applications of gamma- 
gamma coincidence vchniques to the analysis of 
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meteorites and lunar rocks. An early application 
of the coincidence method used the 0.5 1*0.5 l-Mcv 
annihilation coincidence of #< Cu to determine cop- 
per in meteorites.* 1 The abundance of bromine ’/.as 
been measured in stony meteorites using the cas- 
cade gamma rays of ^Dr (Ref. 28). Tr.c elements 
sodium, scandium, cobalt, nickel, and iridium have 
also been determined in chondritic meteorites by 
tingle and multiparamctcr coincidence spectrom- 
etry. 8 •* The latter technique is currently being 
applied at the University of Kentucky to the deter- 
mination of a number of elements in Apollo 11 
locks and soils. 

High resolution Ge(IJ) speclrbmciry 

The coincidence methods previously outlined 
have the obvious limitation that they can only be 
applied to radionuclides with abundant coincident 
gamma rays. The resolution of Xal(71) detectors 
is not good enough to identify and determine un- 
equivocally any but the most abundant pkotopcaks. 
However, the recent advent of lithium-drifted ger- 
manium detectors has made direct nondestructive 
multielement activation analysis a very viable 
proposition. A good solid-state Ge(Li) detector, 
with stable noise-free electronics, can yield reso- 
lution for the u7 Cs peak of 2- to 4-kcv fuil width a: 
halt maximum, as opposed to a value of about 50 
kev using a good Nal(Tl) crystal. Naturally 
enough, the high resolution is accompanied by 
some less desirable features. Because of the low*, 
atomic number, the photopeak- etlicier.cy for a 
1-Mev gamma ray using a large (55- to 40-cm*) 
Oe(Li) detector is only about 5% of that for a 
standard 7.5- x 7.5-cm Nal(T.) detector, and the 
comparison is even less favorable at higher ener- 
gies. In addition, the Gc(Li) detector must be kept 
at liquid nitrogen temperatures at all times, ar.d 
very low r.oisc amplifiers are essential to obtain 
the best resolution of which the detector is capable. 
TY.e result is that a Gc(Li) system based or. a 
35- to 40-crn* active volume detector can be 2 to 3 
more expensive than a 7.5-. X 7.5-cm 
Nal(Ti) spectrometry assembly. 

The application of Ge(Li) spectrometry to non- 
destruoMeu reactor activation analysis of material 
of geochemical and cosmochcmical interest has 
become wioi.yrcad since the now classic work on 
U. S. Geological Survey standard rocks by Gordon 
ct a’. T 

Elements ih.it may be determined in rocks and 
meteorites by high resolution gamma-ray spectrom- 
etry following reactor neutron activation are sum- 
marized in Table 3. 



Photoactivation 

Irradiation by high energy bremsstrahlung pho- 
tons can induce analytically useful reactions of the 
types (y,/), (y,n), and (y,p). Although photo- 
activation techniques can be applied successfully 
to the determination of small traces of light ele- 
ments, they arc also useful for the determination 
of major and minor components, in meteorites and 
lunar materials. In particular, photoactivation has 
been applied to the determination of elements such 
as magnesium, calcium, and titanium,** which are 
not easily determined by neutron activation tech- 
niques. Limited access to high intensity sources of 
energetic photons has restricted the widespread use 
of this method. 


Delayed neutron emission 

When certain heavy elements arc irradiated with 
neutrons or other particles, fission takes place. 
Probably the best-known example is the fission of 
induced by thcrmalizcd neutrons. The fission 
fragments formed lie on the extreme ncutron-rich 
side of the stability line, and they decay by neutron 
emission as well as by the more usual mechanism 
of beta decay. Techniques have been developed 5 * 
in which samples arc irradiated for a few seconds, 
then quickly transferred to a continuing assembly 
of boron trifiuoride neutron detectors in which 
they are counted for 30 sec. This method is quite 
specific for fissionable material. If the irradiating 
neutron energy is below the ***711 fission threshold, 


Tab!* 3 

Elements of cosmochomical interest which may be determined 
nondestructive^ by high resolution Ge(Li) spectrometry 




Analytical 

Half. 


Analytical 

Ha If. 

Etaiten t 

ft fraction gamma ray, Kgv 

liffr 

Clamant 

ft fraction gamma ray, Kav 

Ufa 

Sodium 

MN»(/X7)24N« 

1369 

16 hr 

Cerium 

1«C*(*7)«1Co 

146 

33 day 

Potattium 

4«K(ay)«K 

1624 

12 hr 

Noodymium 

l«Nd(/i.7)H7Nd 

01,631 

11 d*y 

Scandium 

**Se(/vy) w Sc 

889, 1120 

84 day 

Samarium 

lMSm(a7) 563 Sm 

103 

47 hr 

Chromium 

*>Cr(/i, 7 )»iCr 

320 

28 day 

Europium 

l5lEu(a7) 1s2 £u 

122, 245, 778, 

12 yr 

Manganasa 

«Mn(ay) M Mn 

647, 1811 

2.6 hr 


163 Eu(/lY) ,64 £u 

1408 

724, 1277 

16 yr 

Iron 

G*Fo(n.y) M F* 

1100,1291 

45 day 

Gadolinium 

l62Gd(/>,7)lMG<l 

97,103 

242 day 

Cobalt 

w Go(ff,7)«Co 

1173,1332 

6.3 yr 

Terbium 

l&®Tb(/j.7) 5 «>Tb 

299, 863, 988 

72 day 

Rubidium 

«*Rb(n,7)Wflb 

1077 

19 day 

Dysprosium 

5< 4Dy(a7)l 65 Dy 

96 

2.3 hr 

Zirconium 

«*Zr(a7) M Zr 

726, 767 

66 day 

Thulium 

i69Tm(/?,7)i70Tm 

84 

130 day 


«Nb 

766 

36 day 

Ytterbium 

,68 Yb(/7.7) 169 Yb 

63,177,188 

32 day 






l74Yb(n.7) 17 «Yb 

283, 395 

4.2 day 

Antimony 

5 hSb(a7)l»Sb 

60S 

2-8 day 






i23Sb(a7) 52 «Sb 

1691 

00 day 

Luutium 

5 78Ul(/^y)177Lu 

208 

0.7 day 





Hafnium 

5 *®Hf(n, 7 ) ,8J Hf 

133, 482 

43 day 

Cerium 

iMCs(a7) 134 C« 

606, 736 

2.1 yr 









Tantalum 

l*2Ta(a7) 583 T« 

68,100,1122 

115 day 

Barium 

5 M8*(n.7)l» 5 B« 

216. 373, 496 

12 day 









Thorium 

232Th(/j.7)233Th 

94,98,312, 


Lanthanum 

5 »U(n.7)«°La 

329, 487, 810. 

40 hr 


]/? 

416 

27 day 



1696 



2M P , 
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it is a sensitive means of determining uranium in 
natural materials. By enclosing samples in cadmium 
to absorb thermal neutrons, thorium can be de- 
termined using the same general technique by ex- 
posure to a fast neutron flux. 

Other techniques, such as prompt gamma-ray 
counting and charged-particle activation, have yet 
to be applied, to any extent, to the analysis of 
meteorites end lunar rocks. Charged- particle acti- 
vation is particularly suited to the analysis of trace 
dements in surfaces, and could well find impoitant 
applications in the study of solar wind implantation 
on the surface of lunar rocks. 

Conclusion 

The preceding discussion has indicated the scope 
of activation techniques as applied to the non- 
destructive elemental analysis of small, rare samples 
such as lunar rocks and meteorites. The advantages 
of high sensitivity, accuracy, freedom from reagent 
and laboratory contamination, and speed, coupled 
with the potential of nondestructive analyses for 
many elements, suggest that this technique should 
be a part of any modern analytical facility. For 
14-Mev neutron activation a modest but adequate 
sealed-tube neutron generator and the necessary 
counting instrumentation may be obtained for un- 
der $25,000. This price is not out of line with the 
investment made for other modern analytical 
instruments. 

.For trace element determinations via reactor 
neutron irradiation, on-site irradiation facilities are 
not always required. Many university and commer- 
cial nuclear reactor facilities offer irradiation 
services at modest prices.** For this type of work 
the only investment required in addition to the 
basic counting instrumentation is for an adequate 
shielded shipping container. The absence of a 
nuclear reactor at the University of Kentucky has 
not been a serious handicap, as evidenced by the 
many thousands of trace clement determinations 
made by this group. Shipping delays generally limit 
the selection of indicator radionuclides to those 
having half-lives of at least 10 hr. 

The widespread use of activation techniques in 
the NASA program for the analysis of the returned 
lunar samples is a concrete example of the utility 
of the method under conditions where accurate, 
nondestructive data on large number* of sample* 
were required in a minimal time. 
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PRECISE DETERMINATION OF OXYGEN AND SILICON IN CHONDRITIC 
METEORITES BY 14-MeV NEUTRON ACTIVATION WITH A SINGLE 
TRANSFER SYSTEM 


The significance of the chondritic meteorites to the study of solar system 
elemental abundances has recently been reviewed 1 . The chondrites fall into well 
defined chemical and petrological classes, with characteristic oxygen and silicon 
abundances 2 . Every meteorite fall is unique, and museum curators are reluctant to 
distribute large samples. There is a considerable advantage, therefore, in the use of 
non-destructive techniques, and especially those that require only small amounts of 
material. 

The non-destructive analysis of meteorites for silicon and oxygen by 14-MeV 
neutron activation is rapid and accurate 2 * 3 . In these single transfer methods, samples 
and comparator standards were irradiated separately and counted sequentially, and 
corrections made for variations in neutron flux by means of the output of a neutron 
monitor. More recently, assemblies have become available which allow the irradiation 
of the sample and comparator standard simultaneously. Uniform exposure to the 
neutron beam is achieved by biaxial rotation. Oxygen and silicon have been analysed 
in a suite of standard USGS rocks with a biaxial ly rotating target assembly and a 
dual transfer system 4 * 5 . Results on 2.5-3 & splits of well mixed rock powders were 
reproducible to ±0.25% oxygen and ±0.12% silicon (mean standard deviation). 
In this application sample and standard were counted simultaneously on separate 
detectors. Differences in the geometry of the two irradiation positions and the 
efficiency of the two detectors were compensated by a four-cycle irradiation sequence. 
Each irradiation position and detector combination was used for both sample and 
standard, and the resulting counts were pooled for the abundance calculations. Stable 
beam conditions are essential for the compensation to be valid. Reproducibility for a 
single determination cannot be estimated, as each individual value is the mean of 
four irradiation-counting cycles. 

A dual transfer biaxial rotator system for the 14-MeV neutron activation of 
oxygen has been reported which avoids the problems associated with the dual 
detector system 6 . Sample and standard were irradiated simultaneously, but were 
counted sequentially. They-ray energy region between 4.8 and 8.0 MeV was registered 
by a multiscaler, so that precise timing of the sample and standard counting sequence 
was achieved. I he precision of the ratio of activities of two pure benzoic standards 
agreed with that expected hypothetically front the counting statistics. The sequential 
count ing system gives considerably poorer counting statistics than a single irradiation- 
transfer system under identical conditions, and the simpler irradiation assembly of 
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tlie single system allows the sample to be more favorably positioned in the neutron 
beam. 

1 lie disadvantages of the dual transfer biaxial rotator system for large samples 
are greatly outweighed by the precision achieved under optimum conditions. For 
meteorites, the available sample is generally small and the loss in precision from poorer 
counting statistics is more serious. There are definite advantages, therefore, in the 
use of the single transfer system, though improvement in precision is needed. 

An evaluation of sources of random error was made. In the analysis for oxygen 
precise timing was important, and errors could arise from fluctations in beam intensity 
if the integrated neutron dose only was recorded. These considerations were met by 
adapting the multiscaler approach to the single transfer system. The output of the 
boron trifluoride neutron monitor and the induced activity were recorded on the same 
multiscaler puss. By mathematically treating each channel recording the relative 
neutron flux as an individual irradiation, changes in beam intensity could be precisely 
compensated. 

Requirements for precise silicon analyses were rather different. Improvements 
were made to the statistical treatment of the y-ray photopeak evaluation and re- 
finements were introduced to the method of analyser live-time correction as applied 
to short-lived radionuclides. 

NUCLEAR DATA 


Analyses were made by means of 147 MeV neutrons produced by the reaction 
3 H (d,n) **He. 

Irradiation of oxygen and silicon with these essentially monoenergetic fast 
neutrons induces several reactions which are summarized in Table I. The most 
sensitive reaction for oxygen is that leading to the production of 7.35-sec. ir, X, whose 
energetic y-rays are highly specific for this radionuclide. The most convenient 
indicator nuclide for silicon is 2.3-min 2B A1, produced by an (n,p) reaction on the 
abundant - 8 Si isotope. The 1.78-MeY y- ray of 28 A 1 is not as unequivocal as the 
high-energy ,G N photons, but for several minutes after a short 14-MeV neutron 


TABLE I 

14-McV NEUTRON RK ACTIONS ON OXYGEN AND SILICON 


Element 

Reaction 

Isotope 

abundance 

(X) 

Cross 

section 

(mb) 

Half 

life 

Gamma 

energy 

■ 

Branching 

ratio 

(X) 

Oxygen 

16 0(n,p) l8 N 

99 8 

33 

7.35 sec. 

6-13 

68 






7.12 

5 


16 0(n,2ii) l; *0 


0.5 

2 min 

0.51 1 

100 


l7 C)(n.p) IT N 

"•037 

n 2 

4.1 sec 

— 

— 


l8 0(n,a)'H: 

0.20 

1 1 

2.3 see 

5 3 

— 

Silicon 

2 *Si(n,p)*«Al 

92.2 

250 

2.3 min 

1.78 

100 


2w Si(n,p) 29 Al 

4 7 

100 

6.6 min 

1.28 

94 






2-43 

6 


J0 Si(n.rt) 2T Mg 

3 * 

45->85 

9 5 

0.84 

69 


I07 30.4 

0.18 0.6 
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irradiation, it is the most prominent photopeak in the spectrum of a silicate rock or 
stony meteorite. 

Sources of interference in 14-MeV neutron activation analysis have been 
discussed by Mather and Oldham 7 , who classified interferences into two types. 


Type I are reaction interferences, where the indicator radionuclide is produced from 
elements other than that sought. Instrumental, or Type II, interferences arise from 
activities whose y-rays are unresolvable bv Nal(Tl) scintillation spectrometry. 
Possible interferences in the determination of oxygen and silicon are outlined in 
Table II. 


TABLE II 

INTERFERENCE REACTIONS IN THE DETERMINATION OF OXYGEN AND SILICON 



Reaction 

Isotope 

Cross 

Half 

Gamma 

Branching 



abundance 

section 

life 

energy 

ratio 



(%) 

(mb) 


(MeV) 

(%) 

Oxygen 
Type I 
interference 


100 

23 




Type 1 1 

u B(n,p) ll Bc 

80 

3 

13.6 sec 

6.8l 

4 

interference 





7-99 

2 

Silicon 
Type I 

* 7 Al(n,y)**Al 

100 

°*5 




interference 

3 , I > (ii.a) S8 AI 

100 

140 




Type II 
interference 

46 Fe(n,p) 5 *Mn 

91.7 

115 

2.58 h 

1.81 

29 



The interference of fluorine can be serious, as this element produces 16 N 
activity equivalent to about 0.6 of its weight of oxygen. An empirical determination 
of this interference 4 shows that 0.1% fluorine is equivalent to 0.0415% oxygen. The 
low (n,p) cross section for n B and the low branching ratio of the high-energy y-rays 
of 1 *Be mitigate against interference from this element, and boron-to-oxygen ratios up 
to Too can be tolerated 2 . 

Interference to the silicon determination from the (n,y) reaction on aluminum 
is insignificant for 14-MeV neutrons. There is some moderation of neutrons from 
shielding and empirical determinations of this interference 8 indicate that 5% 
aluminum is equivalent to 0.01% silicon. Phosphorus in the specimen can interfere 
and 1% phosphorus pentoxide gives an activity equivalent to 0.21% silicon 5 . The 
Type 11 interference from iron can be neglected for rocks low in this element, but for 
chondrites a small correction must be applied. Calculations show that 1% iron is 
equivalent to 0.0033% silicon. 

EXPERIMENTAL 

Apparatus 

Dcuterons were accelerated by a Cockcroft- Walton generator (Kaman Nuclear, 
Colorado Springs, Model A-1250). Titanium targets containing 5-Ci a ll were used 
h»r the production of r4»McV neutrons. To ensure stable conditions, the combined 
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atomic and molecular deuterium beam was limited to 300-600 pi A, and the acceler- 
ating potential to 140 keV. The beam was defocussed for more uniform target 
depletion and to improve the correlation between the sample neutron dose and the 
count recorded by the monitor 9 . 

At the time of these analyses, the target had been bombarded for 100-150 niA 
min- 1 , and was rather depleted. The neutron yield was about one third of that 
obtained from a new target and the sensitivities are typical rather than optimal. 

The relative neutron flux was determined by means of a low-geoinetry boron 
(40% 10 B) trifluoride tube. The stability of the neutron monitor has a marked effect 
on precision, and / 2 -tests were carried out on the BF3 detector system with a Pu-Be 
source before each scries of determinations. The high voltage plateau, bias voltage 
and time constant curves were checked periodically. After amplification and pulse 
shaping the output of the neutron monitor was remotely recorded on a 6-decadc 
scaler. For multiscaling applications, the neutron monitor was connected to a single- 
channel analyser, which provided suitable output pulses of uniform amplitude. 

The details of the pneumatic sample transfer system and sequential program- 
ming circuit have been previously described 10 . Irradiated samples were counted in a 
4x4" well-type Nal(Tl) detector, and the output was amplified by a double-delay 
line amplifier. Spectra were recorded on a Nuclear Data ND 2201 4096-channcl 
analyser. For multiscaling, a pulse train of uniform height was obtained using the 
scaler 'output of a single-channel analyser. 


Preparation of samples 

Powders were prepared from four different interior portions of the Allende, 
Mexico, chondrite 11 ’ 12 . Aliquots of 0.4-0.5 g were heat-sealed 13 in n/64-in internal 
diameter ]X)lyethylcne vials. These were reproducibly located within 2 dram poly- 
ethylene snap top “pill packs” which were also heat-sealed (“rabbits”). 

The details of the source of the Allende specimens, and the weights of powder 
packed into each rabbit are summarized in Table III. 


TABLE Hi 


\ 

*: 


SAMPLING DETAILS OF ALLENDE SPECIMENS 


Specimen 

number 

Specimen 
weight (g) 

Rabbit 

number 

Sample 
weight (g) 

S-52iia» 

5.68 

1845 

0.4511 



1846 

o- 5 *i 3 



1847 

o-t 755 

S-521 ib a 

6.20 

1S48 

0.4710 . 

S-5207a bc 

4. Of) 

1849 

0.4234 

S~5207b b * c 

3*7 

1850 

0.4694 


* Donated by C. IT Mooke. 
b Donated by I< S. Clarke. Jk. 

c U.S. National Museum specimen number LJSNM 3510. 


Preparation of standards 

Oxygen standards were prepared from primary standard-grade potassium 
dichromate (Mallinckrodt Chemical Works) which was dried to constant weight at 
iio°. The loss in weight was 0.04%. 
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Silicon standards were initially prepared from Specpure silica (Johnson- 
Matthey), ignited 14 to constant weight at (>oo°. The weight loss was 1.71%. These 
standards were not entirely satisfactory and a primary standard was prepared from a 
piece of pure optical lens quartz, designated L-j.. Comparator standards were packaged 
for irradiation in the same way as the samples. 

Both oxygen and silicon standards were normalized to the pure quartz refer- 
ence. The stoichiometry for the potassium dichromate agreed with the L-i standard 
to within 0.4 rel. %, but the silicon abundance in Specpure silica was low by 1..9 rel. %. 
A determination of the oxygen in Specpure silica, normalized to L-i quartz, yielded a 
result which was 2.3 rel. % higher than the stoichiometric value. Specpure silica is 
very finely divided and of large surface area; polymerized water may be present and 
may not be entirely removed even at 6oo°. The oxygen and silicon analyses of Specpure 
silica give a total of 1.00.39%, indicating good internal consistency for the inter- 
comparison of the three standards. 

Determination of oxygen 

At the beginning of each irradiation cycle, the amplified output of the boron 
trifluoride neutron monitor was connected through a single-channel analyser to the 
multiscaler input of the ND 2201 analyser. The dwell time of the multiscaler was set 
at 0.4 sec. The multiscaler pass was initiated and the irradiation cycle begun. The 
rabbit was irradiated for 15 sec during which time it was spun about its axis by a dry 
nitrogen jet. At the end of the irradiation, the rabbit was transferred back to the 
counting station. During the interval taken for the return of the sample, the multi- 
scaler input was switched to the output of the detector assembly. A single-channel 
analyser integrated the energy region between 4.5 and 8.0 MeV. 

The multiscaler pass continued for 90 sec after irradiation, to follow the decay 
to zero. The contents of the analyser memory were read out on to punched tape. The 
tapes were batch-processed on an IBM tapc-to-card converter and the analytical data 
reduced by a computer. 

In each series of analyses three samples and three potassium dichromate 
standards were irradiated in the sequence-standard, sample, sample, standard; the 
order was arranged so that a particular sample was not always irradiated between the 
same two standards. 

Determination of silicon 

The amplified output of the detector assembly was connected directly to an 
analogue-to-digital converter of the ND 2201 analyser. The discriminators and zero 
level were adjusted to analyse only the region about the 28 A 1 photopeak, and a 
conversion gain for 512 channels was used so that analyser dead time was only 

The actual elapsed counting period was kept constant, and was accurately 
timed by means of a crystal-controlled time base. The live time was recorded in the 
first channel of the analyser memory. 

Irradiation and delay times were preset at 60 sec each. The rabbit was loaded 
into the pneumatic system and the automatic irradiation cycle initiated. After a 
preset delay time, the deuteron beam was turned on. The integrated relative neutron 
do -**, measured by the boron trifluoride detector was recorded on a six-decade scaler. 
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gated by the timing circuit controlling the neutron generator. Tlie same circuit 
regulated the dry nitrogen jet which spun the rabbit. 

1 he actual length of the irradiation period was recorded by a electromechanical 

clock. 

At the end of the irradiation, the rabbit was returned to the counting position. 
After the preset delay to allow 1G N activity to decay, the time base was enabled, 
starting the 300-sec counting period. 

llie recorded spectrum and elapsed live time were read out on to punched 
paper tape, and converted to punched cards for computer processing. Irradiation and 
delay times, and the integrated boron trifluoride count, were manually recorded and 
transferred to computer cards. 

Calculation of results 

Oxygen. A computer program OXYCALC was used for data reduction. 
Details of weight and type of material in each irradiation capsule, together with an 
index number indicating whether the rabbit was a sample, standard or blank, were 
read in first. These were referenced for use in the calculation by the rabbit number. 

Each multiscaler record was inspected for the start and end of the BE 3 count. 
Each channel in this period was treated as an individual neutron irradiation. The 
growth factor, C, was given by 

G = ( i_ e -* Ar ) 

where X is the 1G N decay constant and A T is the multiscaler dwell time. The decay 
during each subsequent channel was constant and was described by a decay factor, 
D, such that 

D = (e-*Ar) 

The l6 N activity induced during any time interval represented by a single channel, 
J, containing a 1 > 1 * a count B(J), was proportional to G’B(J). The observed If, N 
activity was corrected for flux variations in the following way. The term G-B(i) 
represented the integrated induced activity /(i), at the end of the first dwell time 
period. At the end of the second dwell time interval, the integrated activity, /( 2), was 
represented by D-I( 1) 4- (7*74(2). In the general case 

/(/)=(/>/(y-i) + c-/4(y)) 

1 he operation of the neutron beam was not synchronized with the multiscaler 
and ii radiation did not last for t he whole time period in the first and last channels. 

1 he calculation averaged the neutron dose over the whole dwell time for these two 
channels, but for short dwell times the error introduced was trivial. 

At the end of the irradiation record, the beginning of the ,6 N y -count was 
sought. The multiscaler was running during the transfer of the activated rabbit, and 
one or two of the initial channels usually contained anomalously low counts. The 
channel containing the highest number of y-ray counts was therefore taken as the 
true beginning of the 16 X count. 1 he first 40 channels of they-count were corrected for 
decay to the midpoint of the channel representing the start of the l «N decay curve, 
and a weighted summation made. The expected integrated activity calculated from 
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the relative neutron dose was similarly corrected, and the weighted sum of tiie actual 
y-counts was normalized to this number. An empirical correction was made for 
the activity of the empty rabbit. 

Silicon. Abundances were derived with the COMS J AR program. Spectra were 
read in and corrected for the instrumental background. The area of the photopeak 
was evaluated by the method outlined by Steklinski 15 , whose eqn. (7) was rewritten 
in the form 


Sn — W * do + (w — 21 + O.5) (&i 1 T (l -l) 


where n is the number of channels integrated, channel o being the middle channel of 
the photopeak; *, «_,* are the counts in the / th channels above and below the midlie 
channel respectively. The computer program selected the center of the peak, and 
performed the integration for increasing values of n. The variance, V sn , was calculated 
from: 


V*n = n 2 ao+ — 2/ + 0.5) 2 (a+i + a-i) 

1 

and the value of S ti with the minimum relative variance selected for the abundance 
calculation. I he integrated peak area was normalized for BF3 integrated count and 
irrradiation, decay and live times. 

The integration method can compare standard and sample spectral shapes to 
detect non-linearities in the sample spectrum underneath the photopeak. A linear 
regression was fitted to the ratio of sample to standard peak areas, with the integration 
width as the independent variable. The slope of the line was tested for significance 
by means of null hypothesis model. Significant sloj>es were not found, indicating a 
straight base line beneath the photopeak. 

Sample and standard comparison 

Results for oxygen and silicon were calculated according to three comparison 
models. 

Dual standards, lhe activity of the sample was normalized to the mean of the 
activities of the nearest preceding and following standards. This method was preferred 
when analyses were made under conditions of serious beam instability. 

Linear regression. A least-squares fit was made to the normalized activities of 
the standards in any series of irradiations, with run number as the independent 
variable. Conditions where the beam was decaying appreciably but smoothly were 
suitable for treatment by this model. It could be further sophisticated by fitting a 
polynomial to the data, rather than restricting the fit to a linear regression. 

Comparison factor. The mean of the normalized activities of the comparator 
standards was used for the calculation of the sample abundances. Clearly, if the 
standard activities arc sufficiently reproducible there is considerable statistical 
•td\ antage to this approach. Provided that the generator and monitoring systems were 

operating in a stable manner, this method of calculation was superior to the other two 
models. 
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RESULTS AND DISCUSSION 

The results of analyses of the Allende chondrite for ox) r gen are given in Table 
IV. The errors quoted are standard deviations for a single determination calculated 
from the replicate analyses and are not derived from counting statistics. For oxygen, 
the mean relative deviation for a single determination, derived from counting statistics, 
is about 2%. Table IV shows that the comparison factor method yields more precise 
replicates than the dual standard or linear regression methods. The mean relative 
deviation for a single determination calculated by the comparison factor model is 2.0% 
and agrees well with that determined from counting statistics. Random errors from 
other sources are therefore very small. The reproducibility of the replicate analyses for 
oxygen in each Allende sample approaches that obtained with a refined biaxial rotator 
system by Lundgrex and Nargolwalla 6 for the comparison of pure benzoic acid 
and oxalic acid standards. 

TABLE IV 


14-McV NEUTRON ACTIVATION ANALYSES OF OXYGEN IN THE ALLENDE CHONDRITE 


Sample 

number 

11 abb it 
number 

X utiiber of 
analyses 

Dual 

standard 

Linear 

regression 

Comparison 

factor 

S-52iia 

1845 

6 

36-3 ± >3 

36.4 ± 1.3 

36.2 i 0.7 


1846 

6 

35 3 ± it> 

34 9 ± 14 

34.9 ± 1.0 


1847 

6 

35-7 ± 1-1 

35-7 ± 0.7 

35.6 ± 0.4 

S-52iib 

1848 

6 

36.4 ± 1.5 

36.2 ±1.1 

36.2 ± 1.2 

S-5207a 

1849 

6 

35.6 ±0.8 

35-7 ± o -9 

35-7 ± i o 

S-52Q7b 

1850 

6 

36.8 ± 0.8 

36.9 £ 0.5 

36.9 ± 0.5 


TABLE V 

14-MeV NEUTRON ACTIVATION ANALYSES OF SILICON IN THE ALLENDE CHONDRITE 


Specimen 

number 

Rabbit 

number 

X umber of 
analyses 

Dual 

standard 

Linear 

regression 

Comparison 

factor 

S-52iia 

1845 

6 

16.05 db 0.22 

15.98 ± 0.15 

15.98 ± 0.14 


1846 

6. 

15 49 ± 017 

15.47 ± 013 

15.48 ± 0.13 


| 8.|7 

6 

15 64 ± 0.14 

15.66 ± 0.14 

15.66 ± 0.14 

S-521 ib 

1848 

7 

16.36 ± 0.35 

16.38 ± 0.26 

16.39 ± 0.24 

S-5207a 

1849 

7 

15 93 ±0.27 

15.87 ± 0.20 

15.89 ± O.II 

S 5207b 

I85O 

7 

16.28 zt 0.24 

16.26 ± 0.14 

16.26 ± 0.1 1 


Ihe results for silicon in the Allende chondrite are listed in Table V. Errors are 
standard deviations for single determination calculated from the replicate determi- 
nations on each sample. Again the best precision was obtained by the comparison 
factor method, where the mean relative deviation for all the samples was 0.9%. The 
relative standard deviation expected from counting statistics is 04-0.5%, indicating 
a small contribution from random errors elsewhere in the analytical system. Some of 
the variation is probably due to the higher background in the 1.78-MeV region, and to 
small interferences from other 14-MeV neutron irradiation products. 

The preceding discussion has been confined to the variation of replicate 
analyses for the same sample. 1 hese will now be compared with the errors between 
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TABLE VI 

WEAN OXYGEN AND SILICON ABUNDANCES IN THE ALLENDE CHONDKITE 


Sample 

number 

Number of 
samples 

Abundance (%) 





Dual standard 

Linear regression 

Compa riso n factor 

Oxygen Silicon 

Oxygen 

Silicon 

Oxygen 

Silicon 

S-521 ia 

3 

35-8 ±0 5 15-73 ±0.29 

35.7 ±0.8 

15.70 zb 0.26 

35-*> ± o-7 

15-70 ± °- 2 5 

S-5211 

4 

35 9 ± 0 5 15 89 ± 0.40 

35.8 ± 0.7 

15 87 ± 0.40 

35-7 rfc 0.6 

15 88 dz 0.40 

S-5207 

2 

36.2 ± 1.2 16. II ± O.35 

36.3 ± 1.2 

16.07 ± 0.39 

36.3 ± 12 

16.08 ± 0.37 

Mean 


36.0 ± 0.6 15.96 ± 0.35 

36.0 ± 0.7 

15 94 ± °-35 

35 9 ±0.7 

15-94 ±o-35 

Fluorine correction 

0.001 — 

0.001 


0.001 

— 

Phosphorus correction 

— 0.05 

— 

0.05 

— 

0.05 

Iron correction 

— 0.08 

— 

0.08 

— 

0.08 

Corrected S-521 1 

35.9 15.76 

35-8 

1.5-74 

35 7 

1575 

Corrected S-5207 

36.2 15.9S 

3b.3 

1594 

3<>.3 

15 95 

Corrected mean 

36.0 15.83 

36.0 

1581 

359 

15.81 


different samples, which are summarized for both elements in Table VI. Standard 
deviations are calculated from the mean values for each sample. In the case of S-5207 
where only two samples were analysed, the quoted error is simply the difference 
between t lie two values. 

The variation between samples is considerably larger than would be expected 
for a homogeneously ground, well-mixed powder. A large variation between different 
pieces is reasonable, as the Allende chondrite does contain sporadically distributed 






1S.0 15.5 16.0 16.5 

SILICON, per cent 

Fig. 1 . Correlation of oxygen and silicon abundances in six samples of the Allende chondrite. 
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TABLE VII 

OXVGEX AND SILICON IN TWO L'SGS STANDARD ROCKS 


Stau if aid 
rock 

Rabbit 

number 

Number of 
analyses 

Dual standard 


Oxygen 

Silicon 


AGV-i 

1821 

0 

47-9 ± 1.2 

* 7-77 ± 

0.62 


1822 

6 

47-7 ± 10 

28.19 ± 

0-45 


1S23 

6 

47-4 ± 1-3 

27.76 ± 

0-37 

Mean 



47-7 ± 0 24 

27.91 ± 

0.25 

Fluorine correction 


0.02 

— 


Phosphorus correction 


— 

0. 10 


Iron correction 


— 

0.02 


Corrected mean 


47-7 

27.79 


BCK-i 

1824 

0 

45-7 ± 0.9 

26. 1 1 dr 

0.50 


lS -5 

6 

45-8 ± 0.5 

25-48 ± 

0.28 


1826 

6 

46.0 i 0.7 

2569 ± 

O.56 

Mean 



45.8 dr 0.15 

25-75 ± 

0.33 

Fluorine correction 


0.02 

— 


Phosphorus correction 


— 

0.07 


Iron correction 



0.03 


Corrected mean 


45-8 

25-63 




Linear regression 

Comparison factor 

Oxygen 

Silicon 

Oxygen 

Silicon 

48.1 ± 1.0 

27.71 d: 0.66 

48.3 ± 0.9 

27-79 ±0.75 

47.8 dr 0.6 

28.04 ± 0 46 

47.8 ± 0.5 

28.19 ±0.54 

47.6 dr 0.8 

27-75 ± o -42 

47-6 ± 1.2 

27.78 ± 0.56 

47.8 ± 0.27 

27.83 dr 0.18 

47-9 ± 0.36 

27.92 ± 0.23 

0.02 

— 

0.02 

— 

— 

0.10 

— 

0.10 

— 

0.02 

— 

0.02 

47.8 

27.71 

47-9 

27.80 

45-8 ± 0.8 

26.11 db o-44 

45-8 ± 0.9 

26.17 ± O.67 

45-7 ± o -4 

25.51 ± 0.22 

45.6 ± 0.4 

' 25-53 ±0.36 

46.0 dr 0.7 

25 75 ± 0.45 

45-9 ± 0.5 

25*74 ±0.66 

45-S dr 0. 16 

25 79 ± 0.30 

45-8 db 0.14 

25.81 dr 0.31 

0.02 

— 

0.02 

— 

— 

0.07 

— 

0.07 

— 

0.03 

— 

0.03 

45-8 

2569 

45.8 

25-71 
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inclusions of widely varying compositions 2 . Three of the samples, however, were 
aliquots of the same powder (S 5211a), but their standard deviation is very close to 
that for six samples of four different pieces. Apparently, homogeneous mixing of a 
sample containing silicates of differing composition, sulphides and some free metal is 
not a trivial problem. 

Silicon and oxygen are largely in the same phases in chondrites. Table VI 
indicates that their abundances are correlated. This is clearly seen in Fig. 1, where the 
mean abundance for each sample is plotted. Error boxes represent the standard 
deviations of the means and the regression line was calculated from the unweighted 
means with silicon as the independent variable. The correlation coefficient, r— 0.86, 
indicates a highly significant correlation between these two elements. 

The large variation between samples and the correlation between silicon and 
oxygen observed in the case of the Allcnde chondrite is in contrast to the results for 
well mixed rock powders. Results for the USGS standard andesite, AGY-i (split no, 
position 21) and standard basalt, liCR-i (split 1, position 8) are shown in Table VII. 
These analyses indicate the high precision which can he obtained with well mixed 
powders. Eor both elements the deviation of the mean of three aliquots is significantly 
lower than the deviations of the individual replicates for each powder. The silicon 
analyses were made under conditions of severe beam instability, and illustrate the 
reproducibility of the mean of six analyses even under less than ideal circumstances. 
These silicon results again show how the dual standard model gives better precision 
for individual replicate runs when the beam is unstable. Although the analyses for 
the two standard rocks should not be taken as definitive, it is interesting to compare 
oxygen and silicon abundances reported here with those of other workers. These are 
summarized in Table V 1 1 1 . 

The silicon abundances reported here for Allende agree reasonably well with 
the chemical analvsis made at the Smithsonian Institution by Clarke el al. 12 . The 
specimens S-5207 were obtained from this Institution, and the mean value found for 
these (Table YJ) agrees very well with the chemical results. Agreement is less satis- 
factory with the silicon abundances reported by King ct a/. 1 1 . The spectrophotometric 
value falls within the range of abundances found in the present work, but the spectro- 
graphic results are significantly lower. 

The agreement between the direct oxygen analysis in Allende and that deter- 
mined from tlu* full major element analysis is reasonable. The presence of sulphides, 
free metal and unusual mineral phases introduces some uncertainty when major 
elements are reported as oxides and may partly account for the difference observed. 
The agreement is better with the S-5207 results than with the mean of all samples. 

Agreement between silicon analyses of andesite AGY-i and basalt BCR-i is 
acceptable particularly when the wide range of values making up Flanagan's 16 
average is considered. The oxygen values reported here are higher than values calcu- 
lated from total major element analyses by 0.3 -0.6% oxygen. Strangely enough, the 
other 74-MeY neutron activation results 4 are lower than the chemical values by 0.4 1.0 
absolute % oxygen. Yolborth and Vincent 4 discussed the problems of accurate 
direct oxygen determination and stressed the role of "minus** water (HjO — ), i.e. the 
water released by heating to no°. Analyses for H>0 — summarized by Flanagan 16 
range from 0.8 to 1.3% in AGY-i and from 0.3 to 1.0% in BCR-i. These differences 
are of the same order as the discrepancies in the oxygen analyses. It is clear that in a 
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TAJ 3 LK VIII 

COMPARISON OF OXYGEN AND SILICON RESULTS FOR THE ALLENDE CHONDRITE AND TWO USGS 
STANDARD ROCKS 


Method 

A tun dunce (%) 





Allende 


AGV-i 


BCR-i 


Oxygen 

Silicon 

Oxygen 

Silicon 

Oxygen 

Siliccn 

Compilation 4 

— 

— 

47-3 

2758 

45-5 

25-47 

Spectrograph ic b 

— 

* 4-49 

— 

— 

— 


Spcctrophotometric b 

— 

*5 59 

— 

— 

— - 


Chemical® 

3 M 

16.00 

— 

— 

— 


14-MeV neutron activation d 

— 

— 

46.9 

27 85 

44-5 

25-43 

14-MeV neutron activation* 

36. 0 

>583 

47-7 

27.79 

458 

25.63 

q-McV neutron activation 1 

36.0 

15.81 

47.8 

27.71 

45-8 

25.69 

14-MeV neutron activation* 

35 9 

15.81 

47*9 

27.80 

45-8 

25.71 


* Flanagan 16 ; oxygen calculated from total analysis. 
b King et a/. 11 . 

c Clarke et al 12 . 

d VOI.DORTH AND VlNCENT 4 for OXVgCIl ; VlNCENT AND Voi.BORTH 5 for silicon 
e This work, dual standard model. 

1 This work, linear regression model. 

* This work, comparison factor model. 


definitive study of oxygen in standard rocks, determination of IUO — and drying of 
samples at uo° before irradiation is essential. 

This work was supported in part by National Aeronautics and Space Ad- 
ministration contract number NAS 9-8017. Allende specimen S-5211 was donated 
by Dr. Carlktox B. Moore, Arizona State University, and specimen S-5207 by 
Dr. R. S. Clarke, Jr., Smithsonian Institution, Washington, D. C. The pure cjuartz 
standard L-i was donated by Dr. W. Blackburn of the University of Kentucky. 

- SUMMARY 

Improved methods for the determination of oxygen and silicon by 14-MeV 
neutron activation are described. A single- transfer system is employed to attain a 
precision approaching that of biaxial rotator systems. Analyses of six samples of the 
Allende chondrite are given and a correlation is found between oxygen and silicon 
abundances. 

RESUME 


On decrit des methodes pour le dosage de I’oxygenc ct du silicium par activa- 
tion neutronique 14-McV. Un systeme “transfer simple" est utilise pour arriver a une 
precision voisine de celle des systemes “rotateur biaxial". Les resultats d’analyse de 
(> echantillons sont donnes. 


Anat Chim. Acta, 49 (1970) 287-299 


DETERMINATION OF OXYGEN AND SILICON IN METEORITES 


299 


ZUSAM M E N FASSU N G 

Es werden verbesscrte Methodcn zur Bestimmung von Saucrstoff und Silicium 
mit Hilfe der 14-MeY-Neutronenaktivierung beschrieben. Um cine Genauigkeit zu 
ciTcichen, die derjenigen des Biaxial-Rotator-Systems entspricht, wurde ein Single- 
Transfer-System vei w endet. Die Analysen von 6 Probcn von chondritischen Meteoriten 
werden angegeben. Eine Zusammenhang zwischen den Saucrstoff- und Silicium- 
iiberschussen wird gef unden. 
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